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Resumo

As mucopolissacaridoses (MPS) sdo um grupo de doencas lisossémicas causadas pelo acimulo
de glicosaminoglicanos, associadas a um acometimento multissistémico e com significativa
sobreposicdo clinica entre seus tipos. Os problemas cardiovasculares estdo entre as
manifestagdes mais comumente observadas e também estdo entre as principais causas de
morbimortalidade nesses pacientes. Recentemente, a dilatacdo de raiz de aorta (DRA) tem sido
apontada como uma alteracdo frequente em diferentes tipos de MPS. Para algumas das
manifestacdes cardiovasculares, como a DRA e as doencas valvares, ndo ha tratamento eficaz
atualmente disponivel. Nesse sentido, nds inicialmente revisamos o0s achados
ecocardiogréficos de 69 pacientes com diferentes tipos de MPS (25 com MPS I, 21 com MPS
I1, 16 com MPS IVA e 7 com MPS VI) e confirmamos que a DRA é um achado frequente nas
MPS, sendo especialmente prevalente em pacientes com MPS IVA e MPS VI. Além disso,
verificamos que a terapia de reposic¢do enzimatica (TRE) parece ter pouco impacto sobre seu
surgimento e progressdo. Na sequéncia, realizamos uma avaliagdo mais extensa em 76
pacientes com MPS, avaliando pardmetros relacionados a hipertrofia ventricular esquerda,
hipertensdo pulmonar, funcao sistdlica e conducao atrioventricular. Observamos que o uso de
TRE esteve associado a reducdo de parametros relacionados a presenca de hipertrofia
ventricular esquerda, porém com efeito limitado sobre outros pardmetros. Considerando o
potencial terapéutico da losartana sobre a doenca cardiaca nas MPS, verificado em modelos
animais, foi desenhado um ensaio clinico de fase I1, randomizado, duplo cego, com o objetivo
de avaliar a seguranca e a eficacia da losartana para o tratamento de manifestacdes
cardiovasculares em pacientes com MPS IVA e VI. Os resultados obtidos na etapa inicial do
estudo demonstraram um perfil de seguranca favoravel em pacientes com MPS IVA e
trouxeram dados importantes para projetar a continuidade da avaliacdo da losartana como

agente terapéutico nas MPS.

Palavras-chave: bloqueador de receptor de angiotensina, doengas lisossdmicas, dilatagcdo de

raiz de aorta, terapia de reposicdo enzimatica, glicosaminoglicanos.



Abstract

The mucopolysaccharidoses (MPS) are a group of lysosomal diseases caused by the
accumulation of glycosaminoglycans, associated with multisystemic involvement and with
significant clinical overlap among their types. Cardiovascular problems are among the most
commonly observed manifestations and are also among the main causes of mortality in these
patients. Recently, aortic root dilation (ARD) has been identified as a frequent abnormality in
different types of MPS. For some of the cardiovascular manifestations, such as ARD and
valvular diseases, there is currently no effective treatment available. In this sense, we initially
reviewed the echocardiographic findings of 69 patients with different types of MPS and
confirmed that ARD is a frequent finding in mucopolysaccharidoses, being especially prevalent
in patients with MPS IVA and MPS V1. In addition, we found that enzyme replacement therapy
(ERT) appears to have little impact on its occurrence and progression. Thereafter, we carried
out a more extensive evaluation in 76 patients with MPS, evaluating parameters related to
ventricular hypertrophy, pulmonary hypertension, systolic function and cardiac conduction and
we observed that the use of ERT was associated with a reduction in parameters related to the
presence of left ventricular hypertrophy, but with limited effect on other parameters.
Considering the therapeutic potential of losartan on heart disease in MPS verified in animal
models, a randomized, double-blind, phase Il clinical trial was eventually designed to assess
the safety and efficacy of losartan for treatment of cardiovascular disease in patients with MPS
IVA and VI. The initial results showed a favorable safety profile in patients with MPS IVA
and bring important data for the continuity of the evaluation of losartan as a therapeutic agent
in the MPS.

Keywords: angiotensin receptor blocker, lysosomal diseases, aortic root dilation, enzyme

replacement therapy, glycosaminoglycans
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Introducéo




1. Doengcas lisossémicas

As doencas lisossomicas (DLs) sdo um grupo de erros inatos do metabolismo resultantes
da deficiéncia de hidrolases, proteinas transportadoras ou outras proteinas envolvidas na funcao
dos lisossomos (Sabatini and Adesnik 2014). Os lisossomos sdo organelas que desempenham
um papel central em diversos processos celulares, incluindo funcbes degradativas como a
fagocitose, autofagia e outras fungbes com participacdo na ativacdo de vias de sinalizacéo,
trafego de vesiculas e membranas plasmaticas, imunidade adaptativa, entre outras funcdes (de
Duve 1964; Settembre et al. 2013).

Atualmente sdo descritas 66 DLs, relacionadas a alteragfes de 57 genes distintos
(WORLDSymposium 2018). Entre as DLs mais comuns estdo relacionadas a fungdo de
hidrolases ativadas no pH &cido do lisossomo, as quais sdo responsaveis pela hidrélise de
moléculas complexas como os esfingolipidios (esfingolipidoses) e os glicosaminoglicanos
(mucopolissacaridoses, MPS), resultando em actmulo dessas substancias e consequente
disfungado lisossomal, sendo também conhecidas como “doengas lisossomicas de depdsito”

(DLDs). A figura 1 sintetiza 0 mecanismo fisiopatoldgico das DLSs.

Composi¢do anormal de
membranas e comprometimento
do trafego vesicular

Sinalizagdo aberrante e
ativagdo da inflamagdo

A

L. Disfungdo do _ Deposito
Depdsito X > ‘.
lisossomo secundario
\ 4 y
Estresse P Disfungdo da
oxidativo N autofagia

Figura 1. Fisiopatologia das DLs. Adaptado de Fecarotta et al. 2018.

As primeiras doengas de deposito foram descritas como entidades clinicas no final do
século XIX (Gaucher 1882). Pouco apds a descoberta do papel dos lisossomos em sua
fisiopatologia (Hers 1963), a possibilidade de se encontrar tratamentos eficazes para esse grupo

de doencas tem mobilizado os pesquisadores (de Duve 1964). Atualmente, cerca de um terco



10

das DLs tem um tratamento especifico, incluindo a maior parte das DLs mais comuns,
tornando-se condi¢bes em que a identificacdo e tratamento precoces tém alto impacto no
progndstico, o que vem motivando a inclusdo de algumas delas em programas publicos de
triagem neonatal (Platt et al. 2018; Arunkumar et al. 2020) e a incorporagéo de procedimentos
terapéuticos e produtos comerciais nos sistemas publicos de saude, ainda que sob exigéncia de
acompanhamento em centros de referéncia (Caetano et al. 2019). O anexo 1 desta tese inclui
uma revisao sobre os diversos aspectos sobre o diagnostico e o tratamento dessas condicdes e
0 anexo 2 resume novas terapias direcionadas ao sistema nervoso central, uma area ainda com
poucas opc¢oes terapéuticas nas doencas lisossomais de um modo geral. Nos itens a seguir sera

dado atencdo especial a um grupo especifico de doencas lisossomais, as MPS.

2. Mucopolissacaridoses (MPS)

As MPS sdo um grupo de DLs causadas pelo acimulo de glicosaminoglicanos (GAGsS,
anteriormente conhecidos como mucopolissacarideos). Entre os tipos atualmente descritos de
MPS, onze sdo decorrentes da deficiéncia de enzimas lisossomais, enquanto uma outra
condicdo mais recentemente descrita decorre da alteracdo de uma proteina envolvida na fuséo
endossomo-lisossomo e autofagossomo-lisossomo (Kondo et al. 2016). Entre as MPS, apenas

a MPS Il tem heranca ligada ao X; todas as demais sdo de heranca autossdmica recessiva.

Os glicosaminoglicanos sdo heteropolissacaridios, que, juntamente com proteinas fibrosas,
compdem a matriz extracelular. Estruturalmente, os GAGs sdo caracterizados por terem um
dissacaridio de repeticdo central, sendo um dos monossacaridios a N-acetilglicosamina ou N-
acetilgalactosamina e o outro o acido D-glicurénico ou o &cido L-idurdnico. Frequentemente,
uma ou mais hidroxilas do aminoagucar recebe um residuo de sulfato (figura 2). Entre os
principais GAGs estdo o hialuronato (ou hialuronan), a condroitina-6-sulfato (C6S), a
condroitina-4-sulfato (C4S), o queratan sulfato (QS), o heparan sulfato (HS) e o dermatan
sulfato (DS). O hialuronato ocorre em ate 50.000 repeti¢des produzindo uma solugéo altamente
viscosa presente no liquido sinovial das articulagdes, no humor vitreo, e na matriz extracelular
da cartilagem e dos tendGes. Os demais glicosaminoglicanos ocorrem em polimeros muito mais
curtos e associados a certas proteinas de ligagdo associadas & membrana celular ou & matriz
celular como parte de macromoléculas chamadas proteoglicanos, as quais contribuem para a
forca ténsil de cartilagens, ligamentos, tenddes e parede da aorta, estando também presentes na

pele, vasos sanguineos, valvulas cardiacas, corneas e 0ssos (Nelson et al. 2014).
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Figura 2 — Estrutura do polimero de condroitina-6-sulfato, um glicosaminoglicano acumulado na

mucopolissacaridose IVA. Adaptado de Nelson et al. 2014.

O ciclo de sintese e degradacdo dos GAGs é importante para a manutencdo das diversas
estruturas em que essas macromoléculas sdo expressas. A degradacdo dos GAGs envolve a
participacdo de diferentes enzimas, incluindo exoglicosidases (alfa-L-iduronidase, beta-
glicuronidase, alfa-N-acetilglicosaminidase, beta-galactosidase, beta-hexosaminidases A, B e
S), exossulfatases (iduronato-2-sulfatase, N-acetilgalactosamina 4-sulfatase, heparan-N-
sulfatase, N-acetilglicosamina-6 sulfatase, N-acetilgalactosamina-6-sulfatase, glicuronato 2-
sulfatase), uma acetiltransferase (acetil-CoA:alfa-glicosaminida n-acetiltransferase) e uma
endoglicosidase (hialuronidase) (Neufeld and Meunzer 2001). Como uma mesma func¢édo pode
ser exercida por mais de uma enzima, a deficiéncia isolada de uma delas nem sempre causa
acumulo de GAGs. Atualmente, ja foram descritas deficiéncias de onze dessas enzimas em
seres humanos que resultam em acumulo de GAGs e a expressdo clinica como uma

mucopolissacaridose (tabela 1).

Tabela 1 — MPS atualmente descritas, incluindo a MPS plus.

Tipode MPS  Gene Produto génico deficiente GAGS acumulados
MPS | IDUA a-L-iduronidase DS, HS
MPS 11 IDS Iduronato sulfatase DS, HS

MPS 1A SGSH Heparan-n-sulfatase HS
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MPS 111B NAGLU a-N-acetilglucosaminidase HS

MPS 1IC HGSNAT  Acetil-CoA-N:a-glicosaminida HS
acetiltransferase

MPS I1ID GNS N-acetilglicosamina-6- sulfatase HS

MPS IVA GALNS  N-acetilgalactosamina-6-sulfato QS, C6S

sulfatase

MPS IVB GLB1 Beta-galactosidase QS

MPS VI ARSB Arilsulfatase B DS, C4S

MPS VII GUSB Beta-glicuronidase DS, HS, C4S, C6S

MPS 1X HYAL1 Hialuronidase Hialuronan

MPSPS VPS33A  Proteina de triagem vacuolar 33 DS, HS

Como nas outras DLs, o mecanismo fisiopatoldgico proposto envolve o acimulo de

GAGs nos lisossomos e o desencadeamento de uma cascata de eventos que incluem a disfungéo

dos lisossomos e o prejuizo a diversas fungdes celulares (Fecarotta et al. 2020) (figura 3). No

caso particular das MPS, ha tipicamente o envolvimento de diferentes tecidos em que o0s

glicosaminoglicanos sdo abundantes, como 0s 0ssos, articulacdes, valvulas cardiacas, cérebro,

pele, visceras e tecidos moles, resultando em uma ampla variedade de sinais e sintomas.
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Figura 3. Mecanismo fisiopatolégico das MPS. Adaptado de Fecarotta et al. 2020.

2.1. ManifestacGes clinicas

As MPS sédo doencas multissistémicas e com significativa sobreposi¢édo clinica entre seus
tipos, sendo comumente associadas a organomegalia, face grosseira, opacidade de cérnea,
baixa estatura e deficiéncia intelectual. Por outro lado, ha também caracteristicas clinicas
distintas entre as MPS, o que reflete os papeis especificos das enzimas relacionadas a
degradacdo dos GAGs. A tabela 2 resume algumas das principais manifestac@es clinicas das
MPS.
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Tabela 2 — Manifestagdes clinicas das MPS

Manifestagdo clinica Tipo de MPS

| 1 Vi Vil A ms Hc Hmpb VA IVB IX PS
Face grosselra +++ +++ +++ ++ + + + + + + - +++
Organome“a +++ +++ +++ + + + + + + + - ++
Manifesta(;f)es +++ A+t + + + + ++ + - ++

cardiovasculares

Alteracoes oM+ + + + et 4 -

esqueléticas

Rigidez articular ~ +++  +++  +++ 44+ + + + + - - - ++
Deficiéncia o+ + - ot AUV P O - + - et
intelectual

Baixa estatura o+ A+t - - - -+ v At
Hérnia umbilical *+++ +++ 4+t ++ - - - - + + B B
e/ou inguinal

Opacidade de +++ - HHE - - - - + + N -
cornea

Macroglossia +H+ A At ++ - - - R _ - - —+
Proteindria - - - - - - - R - N N -
Citopenia - - - - - - - - - - N "

Os sinais (-, +, ++ e +++) indicam se uma determinada alteracéo estd mais frequentemente ausente em um tipo
especifico de mucopolissacaridose (-) ou se esta frequentemente presente em intensidade leve (+), moderada (++)
ou grave (+++). PS: MPS plus. Adaptado de Poswar et al. 2017 e Kubaski et al. 2020.

Como podemos observar, as MPS apresentam importantes particularidades em relacédo a
suas manifestacGes clinicas, cujo reconhecimento é essencial para o estabelecimento do
diagndstico. O anexo 3 desta tese discute os métodos diagndsticos disponiveis, incluindo a
triagem de pacientes de alto risco com base em seus sinais e sintomas clinicos. Nas préximas
secOes, detalnamos as particularidades das MPS tipos I, Il, IVA e VI e as manifestacOes

cardiovasculares das MPS no geral.

2.1.1 Manifestaces clinicas da mucopolissacaridose |

A mucopolissacaridose tipo | decorre da deficiéncia da enzima alfa-L-iduronidase (IDUA),

com consequente acimulo de HS e DS (Neufeld and Muenzer 2014). A MPS | é classicamente
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dividida em trés apresentagdes clinicas, de acordo com a gravidade. A forma mais grave, a
sindrome de Hurler, tem sua apresentacdo no primeiro ano de vida, sendo associada a sintomas
respiratérios, hérnia inguinal e umbilical, hipertricose e face grosseira (figura 4). A sindrome
de Hurler tipicamente se associa a um declinio cognitivo progressivo, que se torna evidente até
0s 18 meses de vida. Um grande espectro de alteracdes esqueléticas (conhecido como disostose
multipla) também se torna evidentes e resultam em baixa estatura. Cardiopatia,
hepatoesplenomegalia e opacificacdo da cornea sdo outras manifestacdes presentes na maioria
dos casos (Beck et al. 2014). Uma forma atenuada, a sindrome de Scheie (anteriormente
chamada MPS tipo V), caracteriza-se por uma apresentacdo mais tardia, com rigidez articular,
baixa estatura, doenca cardiaca valvar e opacidade corneana, mas sem neurodegeneracao
(Vijay and Wraith 2005). A sindrome de Hurler-Scheie € o termo empregado para formas
intermediarias, em que ha um comprometimento somatico grave, semelhante ao da sindrome
de Hurler, mas com a fungdo cognitiva preservada ou apenas levemente comprometida. O

anexo 4 desta tese apresenta uma revisdo sobre a MPS I.

Figura 4. llustracdo de uma crianga com face grosseira, tipicamente associada aos casos graves de MPS I, Il e V1.
As caracteristicas incluem: macrocefalia, bossa frontal, ponte nasal larga, achatamento da face média, labios
grossos, dentes pequenos e afastados e macroglossia. A opacidade da cornea representada na ilustracéo é

verificada nas MPS | e VI, mas ndo na MPS II.

2.1.2 Manifestaces clinicas da mucopolissacaridose 11

A mucopolissacaridose tipo Il decorre da deficiéncia da enzima iduronato sulfatase (IDS),
resultando também em actimulo de HS e DS, como na MPS | (Neufeld and Muenzer 2014). E
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uma condicdo de heranca ligada ao X, afetando quase exclusivamente individuos do sexo
masculino, com raros casos em mulheres. O espectro de gravidade € semelhante ao descrito
para a MPS |, com formas mais graves de inicio precoce e associados a neurodeneracdo
(neuronopaticas) e formas mais atenuadas, de aparecimento mais tardio, com preservacdo da
funcéo cognitiva (ndo neuronopaticas) (Young et al. 1982). As manifestacdes clinicas comuns
as formas neuronopaéticas e ndo neuronopaticas incluem baixa estatura, macrocefalia com ou
sem hidrocefalia comunicante, macroglossia, voz rouca, perda auditiva, hepatoesplenomegalia,
disostose multipla, doenca cardiaca e sindrome do tanel do carpo (Schwartz et al. 2007). Apesar
de acumularem os mesmos tipos de GAGs, ha também algumas diferencas clinicas relevantes
entre a MPS | e a MPS II. Pacientes com MPS Il tipicamente ndo apresentam opacidade da
cérnea e criancas com a forma grave de MPS Il tendem a apresentar um padrdo de
comportamento agressivo, que € menos frequentemente observado na MPS | (Cross and Hare
2013). Acredita-se que algumas dessas diferencas possam ser atribuidas as diferencas entre as
porc¢des expostas dos GAGs parcialmente degradados nessas duas condi¢fes, com potencial de

ativar diferentes processos celulares (Gaffke et al. 2020).

2.1.3 Manifestaces clinicas da mucopolissacaridose IVA

A mucopolissacaridose tipo IVA é um tipo de MPS que decorre da deficiéncia da enzima
N-acetilgalactosamina-sulfato sulfatase (GALNS), com consequente acimulo de QS e C6S. O
QS é responsavel por cerca de 25% da composicdo dos GAGs nas cartilagens de adultos e a
reducdo da sua degradacdo resulta em seu acimulo no interior dos condrdcitos, resultando em
um quadro de displasia esquelética, com acometimento de epifises, metéafises e corpos
vertebrais (Tomatsu et al. 2014). Na MPS IVA (mas ndo na MPS IVB), o acimulo de C6S nédo
degradado também contribui para o agravamento do dano as cartilagens e outras estruturas
corporais (Shimada et al. 2014). H& grande variacao clinica entre pacientes com MPS IVA,
resultando em pacientes com quadros mais atenuados ou mais graves (Neufeld and Muenzer
2014).

Além dos sintomas esqueléticos, pacientes com MPS IVA apresentam alteracdes das vias
aereas superiores e inferiores que incluem estreitamento da traqueia, apneia do sono, otite
média recorrente, pneumonia recorrente, hipertrofia de adenoides, tonsilas, e cordas vocais.

(Harmatz et al. 2013). Outras manifestacdes clinicas em demais sistemas corporais incluem
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instabilidade cervical, compressdo da medula cervical ou toracolombar, perda auditiva,

alteracdes dentarias e um conjunto de sinais e sintomas cardiovasculares (Montafio et al. 2007).

2.1.4 Manifestacdes clinicas da mucopolissacaridose VI

A mucopolissacaridose tipo VI (MPS V1) decorre da deficiéncia da enzima arilsulfatase B
(ARSB), com consequente acumulo de DS e C4S (Neufeld and Muenzer 2014; Harmatz 2017).
Isso resulta em um quadro clinico também semelhante ao descrito para a MPS I, porém sem
envolvimento primario do sistema nervoso central, o que é explicado pela ocorréncia de
acumulo de DS em ambas as condi¢fes, sem, no entanto, ocorrer acimulo de HS na MPS VI.
O papel do C4S nas manifestacdes clinicas € menos evidente. A rigidez articular é a principal
manifestacdo clinica, estando presente em casos graves ou atenuados. Além disso, pacientes
tipicamente apresentam face grosseira, dolicocefalia, opacidade corneana, baixa acuidade
visual, macroglossia, atraso de erupgdo dentéria. AlteracGes esqueléticas incluem geno valgo,
pectus carinatum, cifoescoliose, lordose lombar, displasia de quadril, baixa estatura, mdos em
garra, entre outros. Infeccdes de vias aéreas superiores recorrentes S&o comuns, assim como
otites médias, que podem resultar em deficiéncia auditiva. Alteracfes cardiovasculares sdo
frequentes e mais graves, quando comparadas a outras MPS (Azevedo et al. 2004; Golda et al.
2012).

2.1.5 Manifestacdes cardiovasculares das mucopolissacaridoses

Os problemas cardiacos estdo entre as manifestagdes mais comumente observadas em
pacientes com MPS, sendo descritos em todos os tipos de MPS, com exce¢do da MPS 1X. Além
disso, juntamente com as infeccBes respiratdrias e a doenca pulmonar restritiva, estdo entre as
principais causas de mortalidade nas MPS (Tan et al. 1992; Jones et al. 2009). A idade de
inicio dos sinais e sintomas cardiovasculares é variavel, sendo menor em pacientes com
sindrome de Hurler e formas neuronopéticas de MPS Il (Fesslova et al. 2009) e maior em
pacientes com MPS 111 (Wilhelm et al. 2018).

Entre as manifestacGes cardiovasculares mais comuns em pacientes com MPS, estdo as
doencas valvares, as quais sdo especialmente prevalentes nas MPS em que ha acimulo de DS,
isto é, nos tipos I, I1,VI e VII (Tan et al. 1992; Leal et al. 2010; John et al. 2011; Braunlin et al.
2011). Tanto em humanos como em modelos animais de MPS 1, é observado nas valvas uma

expansdo das camadas esponjosa e fibrosa por células claras contendo GAGs associado a



18

escassez e desarranjo de fibras de elastina (Braunlin et al. 2006). O envolvimento valvular esta
frequentemente associado a regurgitacdo, em vez de estenose, e as valvulas mais acometidas
sdo a mitral e a adrtica (Chen et al. 2005). A regurgitacdo valvar, por sua vez, pode resultar em
sobrecarga e/ou hipertrofia do ventriculo esquerdo, e em estagios tardios, pode ocorrer
disfuncdo sistolica. Déficit de relaxamento também pode ocorrer (disfuncdo diastolica)
(Fesslova et al. 2009; Leal et al. 2010). Em pacientes adultos, procedimentos cirdrgicos sao

frequentemente necessarios para tratamento da doenca valvar (Arn et al. 2012).

A hipertrofia do ventriculo esquerdo € outro achado frequentemente observado em
diferentes tipos de MPS (Lin et al. 2018). Ao exame por microscopia eletronica, a hipertrofia
ventricular é associada a presenca de células espumosas no espaco intersticial e inclusées em

corpos de zebra nos cardiomidcitos (Izumi et al. 2018).

Doencga arterial coronariana, com estreitamento ou oclusdo das artérias subepicardicas
também ocorre, em especial na MPS | e MPS Il (Braunlin et al. 2011). Na maioria dos casos
descritos, a doenca coronariana é assintomatica (Soliman et al. 2007; Kampmann et al. 2011),
com raros relatos de pacientes com angina (Craig 1954). Apesar disso, a doenca arterial
coronariana tem sido relacionada & ocorréncia de morte subita nesses pacientes conforme
avalicBes de necrdpsias (Lin et al. 2005; Sohn et al. 2012). Na histopatologia, observa-se
proliferacdo da miointima por células claras e alteracdo nas fibras de colageno (Braunlin et al.
2006).

A hipertensdo arterial é observada frequentemente na MPS | e MPS 11, sendo rara em outros
tipos de MPS (Taylor et al. 1991). Apesar disso, deve-se considerar que mesmo individuos com
outros tipos de MPS, como a MPS VI, possuem maior prevaléncia de alguns dos fatores
envolvidos na etiologia da hipertensdo arterial, como a apneia obstrutiva do sono (Braunlin et
al. 2006; Golda et al. 2012). Em pacientes com MPS I1, seguidos no estudo Hunter Outcome
Survey, 25% apresentavam niveis de pressao arterial acima da referéncia para a idade, embora
apenas 2% dos pacientes tivessem informado uma histéria de hipertensédo arterial sistémica
(Kampmann et al. 2011). A hipertenséo pulmonar também é descrita e pode ocorrer em até
50% dos pacientes com MPS tipo VI (John et al. 2011).

Outras manifestacdes cardiovasculares menos frequentes incluem a fibroelastose do
endocardio, uma apresentacao rara e grave da doenca cardiaca restritiva, descrita em algumas
criangas com MPS (Fong et al. 1987), e o aneurisma do ventriculo esquerdo, reportado
raramente em adultos com MPS (Oudit et al. 2007; Cabrera et al. 2012).
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2.1.6 Dilatacdo da raiz da aorta

Os grandes vasos podem ter espessamento de suas paredes e estarem estreitados ou
dilatados. Foi registrado em adultos com forma atenuada de MPS | uma maior ocorréncia de
rigidez da aorta (Nemes et al. 2008). Por outro lado, em modelos animais de MPS I, é
frequentemente encontrada uma significativa dilatacdo da raiz da aorta (DRA), resultando no
apagamento da crista sinotubular (Braunlin et al. 2006). Embora as primeiras analises nao
tenham conseguido encontrar 0 mesmo padrdo de DRA em humanos (Braunlin et al. 2006),
outros autores mais recentemente descreveram que esse padrdo também ocorre em pacientes
com diferentes tipos de MPS; especialmente MPS IVA (Kampmann et al. 2016a; Bolourchi et
al. 2016a; Bolourchi et al. 2016b).

2.2. Tratamento das mucopolissacaridoses

Duas estratégias principais estdo disponiveis atualmente para o tratamento das MPS
visando a modificacdo do curso da doenca: a terapia de reposicao enzimatica (TRE) por via
intravenosa e o transplante de células tronco hematopoiéticas (TCTH). Ambas as estratégias
consistem em restaurar a atividade enzimatica seja por meio de suplementagéo de uma enzima
recombinante produzida em laboratério (TRE) ou pela infusdo de celulas tronco

hematopoiéticas de um doador saudavel (TCTH).

A TRE é a principal modalidade de tratamento para a maior parte das MPS. Atualmente,
diferentes produtos de TRE estdo disponiveis paraas MPS tipo I, 11, IVA, V1 e VIl e ha ensaios
clinicos em andamento para outros tipos de MPS. Contudo, a TRE, apesar de poder reduzir 0s
GAGs a niveis proximos da normalidade, apresenta importantes limitagdes quanto a sua
capacidade de reverter ou mesmo impedir a progressao de muitas das manifestac@es clinicas
das MPS, incluindo diferentes manifestacfes neuroldgicas, esqueléticas, cardiovasculares e

oculares (Parini and Deodato 2020).

Ha diferentes motivos para explicar a eficacia limitada da TRE. As enzimas recombinantes
atualmente disponiveis sdo incapazes de atravessar a barreira hematoencefalica e atingir as
células alvo no sistema nervoso central, o que limita seu papel nas formas neuronopaticas das
MPS. Além disso, certos tecidos e orgaos afetados nas MPS, como a cdrnea e 0S 0SS0S, Sa0
pouco irrigados, limitando a distribuicdo da enzima infundida por via endovenosa. Por fim,
entende-se atualmente que a patogénese da mucopolissacaridose envolve ndo s6 o acumulo de

GAGs, mas também mudancas significativas em processos celulares, as quais poderiam ja estar
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estabelecidas de uma maneira tal que a redugdo do acumulo de GAGs por si seria incapaz de
reverté-las (Gaffke et al. 2020).

O TCTH, por sua vez, apresenta uma vantagem significativa sobre a TRE, por sua
capacidade de preservar a funcdo cognitiva quando realizado precocemente, a0 menos em
pacientes com a forma grave de MPS I, tendo sido o primeiro tratamento utilizado com sucesso
para essa condigdo ainda em 1981 (Hobbs 1981). Tal efeito sobre o sistema nervoso central se
deve a reposicdo das células da microglia a partir dos macréfagos derivados das células do
doador. Ainda assim, a progressdo de certas manifestaces esqueléticas, cardiovasculares e
oculares também tem sido observada em pacientes tratados com TCTH (Taylor et al. 2019).
Além disso, apesar de seu uso poder ser considerado nas formas atenuadas de MPS | e em
outros tipos de MPS, a morbimortalidade associada ao transplante limita sua utilizacdo nessas

situacdes.

O anexo 5 desta tese inclui uma revisdo de estudos clinicos relacionados ao
desenvolvimento de novos tratamentos para as MPS, enquanto o anexo 6 inclui uma revisao
aprofundada especificamente no uso da TRE intratecal e intracerebrovascular e o anexo 7
apresenta uma prova de conceito da terapia génica ndo viral como estratégia para expressao
enzimatica em longo prazo. Discutiremos na secdo a seguir o papel de um produto especifico,
a losartana, o racional de seu uso como agente terapéutico nas MPS e os resultados obtidos em

estudos ndo clinicos.

3. Losartana
3.1. Descricdo quimica

A losartana € um antagonista ndo peptidico dos receptores AT1, integrante da classe dos
bloqueadores de receptores de angiotensina (BRAs). Os BRAs atuam de forma semelhante aos
inibidores da enzima conversora de angiotensina (IECAs) no controle da pressao arterial (Goa
and Wagstaff 1996). Por outro lado, considerando que a enzima conversora da angiotensina
ndo é a unica responsavel pela geracéo de angiotensina Il, in vivo, ndo se pode assumir que 0S
BRAs tenham propriedades terapéuticas idénticas aos IECAs (figura 5). A losartana é
convertida no figado em seu metabdlito ativo, E3174, com a substituicdo do radical
hidroximetila no anel imidazélico pelo radical carboxilico, responsavel pela maior parte do

efeito de blogueio dos receptores AT1 (figura 6),
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Figura 5. Sistema renina-angiotensina e a cascata de processamento dos peptideos de angiotensina, indicando
local de acdo dos inibidores da enzima conversora de agiotensina (IECA) e dos bloqueadores do receptor de
angiotensina Il (BRA). As setas amarelas indicam a acéo de diferentes reagfes enzimaticas e as setas vermelhas,
a ligacdo dos peptideos aos receptores. Ang: angiotensina. AT1R: receptor de angiotensina Il tipo I. AT2R: de
angiotensina Il tipo I1. APA: aminopeptidase A. APN: aminopeptidase N. DC: descarboxilase do acido aspartico.
ECA: enzima conversora da angiotensina. ECA2: enzima conversora da angiotensina 2. IRAP: aminopeptidase
regulada por insulina. NEP: neprilisina. mRG-D: receptor acoplado a proteina G relacionado ao Mas. Adaptado
de (Chappell 2016)

Losartana E3174

Figura 6. Estrutura quimica da losartana e do metabolito ativo E3174. Ha substituicio de um radical
hidroximetila no anel imidazélico pelo radical carboxilico.

3.2. A losartana como potencial tratamento para as manifestacdes cardiovasculares das

mucopolissacaridoses

A angiotensina Il é um potente vasoconstritor que sinaliza através do receptor de
angiotensina 1l tipo | (AT1) e o receptor de angiotensina Il tipo Il (AT2), sendo ATl
amplamente conhecido por regular a expressdo do gene TGF- B1 em modelos animais de
hipertrofia cardiaca (Everett et al. 1994). O receptor AT1 pode incrementar a producdo dos
ligantes e receptores de TGF-f3, assim como ativadores, como a trombospondina-1 (Zhou et al.

2006), que é um potente ativador da via de sinalizacdo do TGF-p. Em contrapartida, o receptor
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AT2 induz efeitos opostos ao receptor AT1, atenuando a proliferacdo e inibindo a inflamacao
nas lesdes vasculares (Wu et al. 2001). O receptor AT1 e, em menor intensidade o receptor
AT2, também desempenham um papel na regulacdo da sintese de proteoglicanos (Shimizu-
Hirota et al. 2001).

A superfamilia de proteinas TGF-B tem sido envolvida em multiplos processos
celulares, incluindo a regulacdo da proliferacdo celular, a diferenciacdo, a reparacdo e
remodelamento de tecidos, e a apoptose. A desregulacdo de TGF-B tem sido associada em
algumas doencas humanas como doencas autoimunes, sindrome de Marfan, além de outros
processos anormais como a dilatacdo cardiaca, aneurisma adrtico e a invasividade de tumores
(Kalluri and Han 2008; Krstic and Santibanez 2014).

Nas MPS, o aumento na sinalizacdo de TFG-p foi descrito em condrdcitos de ratos e
gatos com MPS VI (Simonaro et al. 2005), na aorta de camundongos MPS | (Ma et al. 2008) e
em lesdes vasculares de cdes com MPS | (Lyons et al. 2011). Também tem sido reportado um
aumento da expressdo do SMAD2 fosforilado (relacionado a via de sinalizacdo do TGFp) em
lesbes coronarias e cardiacas de pacientes com MPS I (Yano et al. 2009; Yano et al. 2013).

Em um modelo animal de outra doenca lisossomal (a mucolipidose), também se
observou o papel da via TGFp na patogénese das alteracGes da cartilagem. A ativacdo dessa
via mediaria um aumento de C4S, com aumento da atividade da catepsina K, a qual novamente
resultaria na ativacao da via TGFf, compondo um ciclo de retroalimentacao positiva. Esse ciclo
seria potencialmente interrompido pelo bloqueio farmacol6gico de TGFp (Flanagan-Steet et
al. 2018).

Neste sentido os BRAs, como a losartana, inibem seletivamente o receptor AT1
(Burnier 2001) atenuando a sinalizagdo de TGFp, reduzindo a expressao de ligantes, receptores
e ativadores de TGFf (Fukuda et al. 2000; Naito et al. 2004) (Figura 7). Consequentemente, a
sinalizacdo em downstream de TGF-f poderia atenuar a atividade de outras proteinas, entre
estas as metaloproteinases (MMPs) as quais tem sido demostrado estar aumentadas nas MPS
(Baldo et al. 2011) e poderiam estar envolvidas na DRA observada nos pacientes e nos modelos
de MPS.
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Figura 7. Mecanismos propostos para o papel do sistema renina-angiotensina na fisiopatologia das MPS (setas
vermelhas) e o potencial terapéutico da losartana (setas verdes). A conversdo de angiotensina | em angiotensina
Il pode ser potencializada pelo aumento das catepsinas que ocorre nas MPS. A ligacdo da angiotensina Il no
receptor AT1, por sua vez, desencadeia o estimulo a producdo de TGF-beta e a transcricdo génica com aumento
de producéo de proteases, degradacdo da elastina, fibrose e proliferacdo celular. A via de sinalizacdo do receptor
AT1 também estimula a sintese de proteoglicanos e GAGs, 0 que potencialmente retroalimenta o processo,
embora faltem dados sobre essa ativacdo nas MPS (setas cinzas). O bloqueio do receptor AT1 promovido pela
losartana, desvia a angiotensina Il para a via do receptor AT2 que desempenha papeis antagdnicos, reduzindo a
expressdo de proteases e a fibrose e promovendo a apoptose. Ang I: Angiotensina I. Ang Il: Angiotensina IlI.
ATI1R: receptor de angiotensina Il tipo I. AT2R: de angiotensina Il tipo Il. ECA: enzima conversora da
angiotensina. ECA2: enzima conversora da angiotensina 2. MMPs: metaloproteinases de matriz.

3.3. Estudos ndo-clinicos com losartana nas mucopolissacaridoses

Estudos recentes tém apontado que o bloqueio da via Ang Il mediante o uso de losartana
melhoram alguns dos aspetos clinicos da doenca cardiovascular em modelos animais de MPS
| (Osborn et al. 2016; Gonzalez et al. 2017). Estes estudos demostram que o tratamento com
losartana melhora os parametros de fracdo de encurtamento do ventriculo esquerdo e diminui
os didmetros cardiacos, conduzindo a uma melhora na funcéo cardiaca. Adicionalmente no
trabalho de Gonzalez et al (2017), foi demonstrado que os camundongos MPS | tratados com
losartana tiveram uma melhora significativa no didmetro da aorta quando comparados com
seus controles. Para além dos efeitos no sistema cardiovascular, um dos trabalhos mostrou
resultados positivos também na estrutura 6ssea dos camundongos tratados, reduzindo as
alteracdes craniofaciais (Osborn et al. 2016). Estes achados apontam que a losartana possa ter

um potencial terapéutico para estes érgdos de dificil acesso pelas terapias atuais.
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Capitulo 2:

Justificativa
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A TRE e o transplante de medula 0ssea, apesar de serem tratamentos bem estabelecidos,
ndo sdo capazes de reverter ou impedir a progressdo de algumas das manifestacOes
cardioldgicas das MPS. Por outro lado, esses pacientes podem se beneficiar de outras formas
de tratamento convencionais medicamentosos ou cirdrgicos, 0s quais podem ser instituidos no
momento adequado se houver um melhor conhecimento de como essas manifestaces
progridem. De modo particular, a ocorréncia de DRA, embora descrita em modelos animais,
tem sido apenas recentemente avaliada nos estudos sobre as MPS e h& uma escassez de dados
relacionados a resposta terapéutica das terapias atualmente disponiveis sobre essa alteragdo em
particular. Os dados sobre alteracGes cardiacas nas diferentes MPS e sobre efeitos da TRE

ainda nao sdo completamente conclusivos, e mais casos devem ser analisados.

Além disso, a verificacdo de um possivel efeito da losartana em controlar essas
manifestacdes no modelo animal abre a perspectiva do uso clinico desse medicamento. A
losartana € um medicamento de baixo custo e, caso sua seguranca seja demonstrada nas MPS,
e posteriormente sua eficacia, podera representar uma terapia acessivel e direcionada a

necessidades ainda ndo atendidas desses pacientes.
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Capitulo 3:
Objetivos
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1. Objetivo Geral

Caracterizar as manifestagdes cardiovasculares das mucopolissacaridoses e avaliar a

seguranca da losartana como potencial estratégia terapéutica.

2. Objetivos Especificos

1.

© 0 >~ w

Avaliar a progressdo da dilatacdo da raiz de aorta em pacientes com
mucopolissacaridoses I, 1, IVA e VI.

Avaliar a presenca de outras manifestacdes cardiovasculares entre pacientes com MPS
I, 11, IVA e VI atendidos no Hospital de Clinicas de Porto Alegre.

Definir a relagédo entre o uso de TRE e a progressao das manifestacdes cardiovasculares.
Avaliar a seguranca da losartana em pacientes com MPS IVA.

Caracterizar os efeitos da losartana no diametro da raiz da aorta em pacientes com MPS.
Avaliar os efeitos da losartana em marcadores ecocardiograficos de funcdo sisto-

diastolica em pacientes com MPS.
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Capitulo 4:

Artigo 1 — Aortic root dilatation in patients with Mucopolysaccharidoses

and the impact of enzyme replacement therapy

Artigo publicado na revista Heart and Vessels. 2019; 34(2):290-295.
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Abstract

Mucopolysaccharidoses (MPS) are disorders characterized by impaired glycosaminoglycan (GAG) catabolism as a conse-
quence of a deficiency or the absence of lysosomal enzymes directly involved in their degradation. Multiple organ systems
are involved in MPS, including the cardiovascular system. Recently, aortic root dilatation (ARD) has been described in these
patients. Thus, we reviewed aortic root diameter measurements in 69 MPS patients from a single center from 2000 to 2016.
Aortic root diameter z scores were calculated based on data published by Colan et al. according to the body surface area
(BSA) determined using the Haycock formula. The overall incidence of ARD in MPS patients was 39.1%. Higher mean z
scores were present in patients with MPS IVA and VI when compared to MPS I and II. Aortic root z scores were higher in
older MPS IVA patients, which may suggest a progressive ARD change in this MPS type. No significant differences were
found before and after enzyme replacement therapy (ERT) in 11 patients with available data (2 with MPS I; 4 with MPS II;
2 with MPS IVA, and 3 with MPS VI). This work provides further evidence that ARD is common in different types of MPS,

being especially evident in MPS IVA, but with a significant occurrence also in MPS VI.

Keywords Aorta - Mucopolysaccharidoses - Enzyme replacement therapy - Dissecting aneurysm

Introduction

Mucopolysaccharidoses are characterized by impaired
glycosaminoglycan (GAG) catabolism resulting from a
deficiency in lysosomal enzymes directly involved in their
degradation. Eleven different MPS disorders are currently
described in humans, each with a different enzyme defect.
Five main types of GAG accumulation occur in MPS
patients depending on the enzyme defect: heparan sulfate,
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dermatan sulfate, keratan sulfate, chondroitin sulfate, and
hyaluronan.

The severity of MPS I and II is well defined; patients with
a severe phenotype present cognitive decline. In MPS IV
and VI, some patients present more rapid deterioration than
others, but cognitive abnormalities are not usually found.
Cardiovascular problems are among the main manifesta-
tions observed in patients with both severe and attenuated
phenotypes, being described in all MPS types except MPS
IX. Furthermore, cardiovascular problems, respiratory infec-
tions, and restrictive pulmonary disease are among the main
causes of mortality [1].

The great vessels may be affected in MPS by thickening
of their walls and can be constricted or dilated. Histological
abnormalities that are observed in the aortic walls include
aortic wall thickening, accumulation of GAGs, and disrup-
tion of elastin fibers [2—4]. ARD is frequently found in ani-
mal models of MPS I, resulting in the effacement of the
sinotubular ridge [2]. Although initial analyses failed to find
the same pattern of ARD in humans [2], more recent studies
have identified that ARD may also occur in MPS patients,
especially those with MPS IVA [5-8].

@ Springer
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Enzyme replacement therapy (ERT) has been avail-
able for MPS I, II, and VI since the mid-2000s, and more
recently approved for MPS IVA and MPS VII. However,
studies in animal models suggest that the recombinant
enzyme often fails to reach the aorta and thus has limited
impact on this aspect of the disease [9, 10].

Therefore, we aimed to assess ARD occurrence and
patterns in a larger sample of patients with different types
of MPS collected over the last 16 years. In addition, we
assessed the impact of enzyme replacement therapy on
the aortic dilatation observed in these diseases.

Materials and methods
Data collection

Following institutional ethical approval, we performed
a chart review of patients with MPS that had performed
echocardiograms from January 2000 to June 2016. In all
cases, we used only the measurement obtained at the sinus
of Valsalva (SoV). Aortic root diameter z scores adjusted
for BSA were calculated as previously described [11] and
confirmed using the method of Dallaire et al. [12]. BSA
was determined using the Haycock formula [13]. Aortic
root dilatation was defined as a z score > 2.0.

For comparison between MPS types, only the last
echocardiogram of the patients was included in the analy-
sis. All patients with more than one available echocardio-
gram were included in the analysis of z score variation
over time.

Patients with available measurements before ERT (up
to 5 years before ERT was started) and at least 8 months
after that date (up to 5 years after ERT was started) were
analyzed for the assessment of pre- and post-treatment z
scores.

Statistical analysis

All data were entered into PASW Statistics 18.0 for Win-
dows (SPSS Inc., Chicago, IL, USA) and subjected to spe-
cific statistical analyses. Z score distribution was assessed
with the Shapiro—Wilk and Kolmogorov—Smirnov tests, and
as normal distributions were observed, parametrical tests
were used in all subsequent analyses. Mean z score compari-
sons between MPS groups were calculated using ANOVA
with Tukey’s post hoc test. Linear regression and Pearson’s
correlation coefficient were used to assess z score variation
over time. Z score variation over time for individual patients
with each type of MPS was assessed using a mixed model
analysis corrected for treatment status (with or without
ERT), including all patients with more than one available
echocardiogram. A paired 7 test was used to compare pre-
and post-treatment z scores. Bonferroni correction was used
for multiple comparisons. A p value <0.05 was considered
significant.

Results

A total of 69 patients with MPS were included (25 with
MPS 1, 21 with MPS II, 16 with MPS IVA, and 7 with MPS
VI) (Table 1). In total, 27 of the 69 patients (39.1%) met
the criteria for ARD. Higher mean z scores were present in
patients with MPS IVA and VI when compared to MPS 1
and II (Table 1). ARD was found more frequently in the for-
mer group. Among patients with MPS 1, 5 (20.0%) met the
criteria for ARD, and 6 (28.6%), 11 (68.8%), and 5 (71.4%)
for MPS II, MPS IVA and MPS VI, respectively (Fig. 1).
Moreover, patients with the severe MPS I phenotype had
higher z scores when compared to those with an attenuated
phenotype (Fig. 2).

Aortic root z scores were higher in older MPS IVA
patients, which may suggest that ARD is progressive in

Table 1 Demographic

. . Overall MPS 1 MPS 11 MPS IVA MPS VI p

characteristics and aortic root

measurements among MPS (N=69) (n=25) (n=21) (n=16) (n=7)

patients Age (years) 14.4 (9.9) 14612  13.00.1) 158(89) 150(54) 0852
Weight (kg) 30.5 (16) 30.9 (19.3) 35 (16.6) 25.6 (9.3) 27.1(11.8) 0.333
Height (cm) 114.7 (21.1) 117.5 (27.3) 122.3 (17.4) 102.2 (9.7) 110 (11.3) 0.023*
BSA (m?) 1(0.3) 1(0.4) 1.1 (0.3) 0.9 (0.2) 0.9 (0.2) 0.206
SoV (cm) 2.3(0.4) 2.2(0.4) 2.3(0.4) 2.5(0.4) 2.3(0.4) 0.137
2 score 1.7 (1.6) 1.1(1.6) 1.2 (1.4) 3115  21(.1) 0001

Values are mean (+SD)

BSA body surface area. SoV aortic root diameter at the sinus of Valsalva
“MPS IVA different from the other groups
®MPS IVA and VI are different from MPS I and 1T
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Fig.1 Mean aortic root diameter in different MPS types. Only the
final measurement was included in this analysis. **p <0.01. ANOVA
and Tukey’s post hoc

this type of MPS (Fig. 3¢). The mean MPS IVA z score
increase was 0.058 per year (95% CI 0.004-0.113). A posi-
tive linear regression slope was also observed in the MPS
VI group, but the correlation was not statistically signifi-
cant (Fig. 3d).

An inverse correlation was observed between aortic root
z scores and age in MPS I and MPS II (Fig. 3a, b), but this
may be due to the presence of attenuated phenotypes in the
older patients. When only including patients with severe
phenotypes, we did not observe a significant change with
age, which is possibly due to the small number of patients
(data not shown).

Pre- and post-ERT z score data were available for 11
patients (2 with MPS I; 4 with MPS II; 2 with MPS IVA,
and 3 with MPS VI). There was no statistically signif-
icant variation in the z scores between the two periods
(p=0.697; Figs. 4a—d). For all of the presented analyses,
comparable results were obtained when using the Dellaire
et al. [12] method to calculate z scores (data not shown).

MPS |
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Fig.2 Aortic diameter according to disease severity. Mean aortic
root diameter is higher in MPS I patients with Hurler (severe) than
Hurler—Scheie and Scheie (attenuated) phenotypes. In MPS 11, there

Discussion

In this study, we evaluated aortic root diameter in 69 patients
with MPS, which represents the largest collection of MPS
patients to date. Our results confirm previous reports show-
ing a significant proportion of MPS patients with ARD
(39.1% in this study; 35.3% of 36 patients in a previous
report [8]). In addition, we report for the first time that a
large proportion of MPS VI patients have aortic dilatation.
Considering that MPS are progressive disorders, aortic
pathology is also expected to be progressive. However, vari-
ation in aortic root diameter over time was not observed in
the mixed models analysis for any of the MPS types (data
not shown). This may reflect either a slow progression rate,
which could not be measured in our sample, or the fact that
aortic root diameter ceases to dilate beyond a certain point.
Supporting the former hypothesis, aortic root z scores were
higher in older patients, at least in MPS IVA. This finding
is consistent with a previous report identifying a correlation
between age and aortic root dimensions in MPS IVA [6].
We confirmed that ARD is found predominantly in
patients with the severe MPS I phenotype (Hurler syndrome)
[5], which may explain the inverse correlation between age
and z scores in these patients. Hurler syndrome is character-
ized by developmental delay/intellectual disability. Somatic
manifestations are also more severe in these patients, espe-
cially when compared to the most attenuated phenotype
(Scheie syndrome). Some patients are situated in the middle
of the spectrum with more prominent somatic involvement
and little-to-no intellectual dysfunction, which is classi-
fied as Hurler—Scheie syndrome. A binary classification of
severe (Hurler syndrome) and attenuated (Hurler—Scheie and
Scheie syndromes) phenotypes is also used. As patients with
the severe phenotype have a lower life expectancy, older
MPS I patients are mostly represented by those with the

MPS I

Mean Aortic Root Z Score
»
| o‘ 5|
o
O
°

-2 T T
Neuro Non-neuro

is no significant difference in aortic root diameter between neurono-
pathic and non-neuronopathic patients. Only the final measurement
was included in this analysis. *p <0.05, Student’s ¢ test
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attenuated phenotype who would also be expected to have a
less prominent involvement of the aorta [14].

No significant association was observed between aortic
root diameter and disease severity in MPS II patients. A sim-
ilar pattern was found along the severity spectrum (Fig. 2).
Similar to MPS I, the classification of the disease in MPS II
depends on the presence (neuronopathic form) or absence
(non-neuronopathic form) of intellectual disability. Further-
more, as in MPS I, patients with the neuronopathic form
have more severe somatic involvement. In fact, increased
somatic burden and decreased neurocognitive ability were
shown to be correlated even in patients with attenuated
MPS I and MPS II phenotypes [15]. Thus, it is reasonable
to believe that the same association identified in MPS I is
also present in MPS II patients, although this could not be
clearly demonstrated herein.

ARD identification has clinical importance, as it may
progress to aortic dissection [16]. Aortic dissection gener-
ally occurs in older patients (mean age 62 years), although
it may occur earlier in high-risk groups, including patients
with Marfan or Turner syndromes [17, 18]. Although MPS
patients have not been shown to be at increased risk for this
uncommon life-threatening condition, it is known that the
GAG content increases in dissecting aneurysms of the tho-
racic aorta in humans [19, 20].

Currently, elective aortic surgery is indicated for adult
patients with an aortic root diameter > 55 mm with the
objective of preventing aortic dissection [21]. In Marfan
syndrome, the threshold for this indication is 50 mm, and in
the presence of additional risk factors (i.e., family history
of dissection, progressive dilatation>2 mm/year, severe
aortic or mitral regurgitation, and desire for pregnancy) it is
reduced to 46 mm [22]. While recommendations for surgery
based on z score values are lacking, it is generally assumed
that a value < 4.0 does not represent an imminent risk for
aortic dissection [18]. In their cohort, Bolourchi et al. [8] did
not observe any case of aortic dissection. This complication
was also not observed in this study and only one MPS I and
four MPS IVA patients had z scores >4.0 (Fig. 1). None of
our patients had an absolute aortic root dimension greater
than 45 mm.

We did not observe any effect of ERT on aortic root
measurements. This is in accordance with findings of other
authors [6, 8]. However, in the case of MPS IVA, this eval-
uation can be especially difficult because ERT was only
recently approved [6]. While it is still unclear if ERT can
prevent or treat ARD in MPS patients, studies in mouse
models demonstrate that this abnormality can be respon-
sive to losartan [23]. The same medication also promotes
improvements in left ventricle diameter, shortening, fraction,
and craniofacial aspects in animal models [23, 24].

This work has some limitations. Although this is the larg-
est cohort of MPS patients reported to-date, the aortic root

measurement was not performed in the controlled environ-
ment of a clinical trial due to retrospective data being used.
Furthermore, for a single patient, different echocardiographers
were involved during the follow-up period, which may have
affected the results. Regardless, our results are consistent with
the literature. Another limitation is that we relied on echocardi-
ography data to obtain the aortic root measurements (as other
published studies in patients with MPS have). The use of more
precise methods, such as cardiac MRI, may allow more robust
analyses of the entire thoracic aorta. Nevertheless, risks related
to sedation in young children should be considered. Finally,
using z score parameters in short-stature patients may likely
overestimate the parameter, pointing to the existence of aortic
dilatation in a setting where the growth of the aorta is similar
to age-matched individuals, although disproportional to the
patient’s height and thorax dimensions. In Turner syndrome,
a condition in which both aortic root dilatation and short stat-
ure are observed, a disease-specific parameter was recently
developed [25]. As there is no such parameter for MPS, we
managed to reduce this bias using an additional multivariate
formula recently published and used for Turner syndrome [12,
26]. The results were unaffected.

In summary, this work supports evidence that ARD is
a clinical manifestation of different types of MPS. It also
confirms that this finding is particularly prominent in MPS
IVA patients. Moreover, it identifies a significant involve-
ment in patients with MPS VI for the first time. ERT did not
reduce aortic diameters, and ancillary therapies, such as the
use of losartan, may be needed for MPS patients with aortic
dilatation.

Funding We thank the Isaac Foundation and Conselho Nacional de
Desenvolvimento Cientifico (CNPq) for funding this study.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards.

Informed consent For this type of study, formal informed consent is
not required.

Research involving human and/or animal participants This article does
not contain any animal studies performed by any of the authors.

References

1. Tan CT, Schaff HV, Miller FA, Edwards WD, Karnes PS (1992)
Valvular heart disease in four patients with Maroteaux-Lamy syn-
drome. Circulation 85:188-195

@ Springer



34

Heart and Vessels

10.

11.

12.

13.

14.

15.

16.

Braunlin EA, Harmatz PR, Scarpa M, Furlanetto B, Kampmann
C, Loehr JP, Ponder KP, Roberts WC, Rosenfeld HM, Giugliani
R (2011) Cardiac disease in patients with mucopolysaccharido-
sis: presentation, diagnosis and management. J Inherit Metab Dis
34:1183-1197

Yasuda E, Fushimi K, Suzuki Y, Shimizu K, Takami T, Zustin
J, Patel P, Ruhnke K, Shimada T, Boyce B, Kokas T, Barone C,
Theroux M, Mackenzie W, Nagel B, Ryerse JS, Orii KE, lida H,
Orii T, Tomatsu S (2013) Pathogenesis of Morquio A syndrome:
an autopsied case reveals systemic storage disorder. Mol Genet
Metab 109:301-311

Lew V, Pena L, Edwards R, Wang RY (2017) Cardiovascular
histopathology of a 11-year old with mucopolysaccharidosis VII
demonstrates fibrosis, macrophage infiltration, and arterial lumi-
nal stenosis. In: Morava E, Baumgartner M, Patterson M, Rahman
S, Zschocke J, Peters V (eds) JIMD reports, vol 39. Springer,
Berlin, pp 31-37

Schroeder L, Orchard P, Whitley CB, Berry JM, Tolar J, Miller
W, Braunlin EA (2013) Cardiac ultrasound findings in infants
with severe (Hurler phenotype) untreated mucopolysaccharidosis
(MPS) type 1. JIMD Rep 10:87-94

Kampmann C, Abu-Tair T, Gokce S, Lampe C, Reinke J, Mengel
E, Hennermann JB, Wiethoff CM (2016) Heart and cardiovascu-
lar involvement in patients with mucopolysaccharidosis type IVA
(Morquio-A syndrome). PLoS One. https://doi.org/10.1371/journ
al.pone.0162612

Bolourchi M, Chen Y, Renella P, Nguyen DV, Wang R (2016)
Aortic root dilatation in mucopolysaccharidosis. Mol Genet Metab
117:S29

Bolourchi M, Renella P, Wang RY (2016) Aortic root dilata-
tion in mucopolysaccharidosis I-VII. Int J Mol Sci. https://doi.
org/10.3390/ijms 17122004

Jurecka A, Tylki-Szymanska A (2015) Enzyme replacement ther-
apy: lessons learned and emerging questions. Expert Opin Orphan
Drugs 3:293-305

Baldo G, Wu S, Howe RA, Ramamoothy M, Knutsen RH, Fang
J, Mecham RP, Liu Y, Wu X, Atkinson JP, Ponder KP (2011)
Pathogenesis of aortic dilatation in mucopolysaccharidosis VII
mice may involve complement activation. Mol Genet Metab
104:608-619

Colan SD, McElhinney DB, Crawford EC, Keane JF, Lock JE
(2006) Validation and re-evaluation of a discriminant model pre-
dicting anatomic suitability for biventricular repair in neonates
with aortic stenosis. J Am Coll Cardiol 47:1858-1865

Dallaire F, Bigras J-L, Prsa M, Dahdah N (2015) Bias related to
body mass index in pediatric echocardiographic Z scores. Pediatr
Cardiol 36:667-676

Haycock GB, Schwartz GJ, Wisotsky DH (1978) Geometric
method for measuring body surface area: a height—weight formula
validated in infants, children, and adults. J Pediatr 93:62-66
Beck M, Arn P, Giugliani R, Muenzer J, Okuyama T, Taylor J,
Fallet S (2014) The natural history of MPS I: global perspectives
from the MPS I Registry. Genet Med 16:759-765

Ahmed A, Shapiro E, Rudser K, Kunin-Batson A, King K, Whit-
ley CB (2016) Association of somatic burden of disease with age
and neuropsychological measures in attenuated mucopolysaccha-
ridosis types I, IT and VI. Mol Genet Metab Rep 7:27-31
Weinsaft JW, Devereux RB, Preiss LR, Feher A, Roman MJ,
Basson CT, Geevarghese A, Ravekes W, Dietz HC, Holmes K,

@ Springer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Habashi J, Pyeritz RE, Bavaria J, Milewski K, LeMaire SA, Mor-
ris S, Milewicz DM, Prakash S, Maslen C, Song HK, Silberbach
GM, Shohet RV, McDonnell N, Hendershot T, Eagle KA, Asch
FM, Registry Investigators GENTAC (2016) Aortic dissection in
patients with genetically mediated aneurysms: incidence and pre-
dictors in the GenTAC Registry. ] Am Coll Cardiol 67:2744-2754
Nienaber CA, Fattori R, Mehta RH, Richartz BM, Evangelista A,
Petzsch M, Cooper JV, Januzzi JL, Ince H, Sechtem U, Bossone E,
Fang J, Smith DE, Isselbacher EM, Pape LA, Eagle KA, Interna-
tional Registry of Acute Aortic Dissection (2004) Gender-related
differences in acute aortic dissection. Circulation 109:3014-3021
Carlson M, Silberbach M (2009) Dissection of the aorta in Turner
syndrome: two cases and review of 85 cases in the literature. BMJ
Case Rep. https://doi.org/10.1136/bcr.06.2009.1998

Humphrey JD (2013) Possible mechanical roles of glycosamino-
glycans in thoracic aortic dissection and associations with dys-
regulated transforming growth factor-p. J Vasc Res 50:1-10

Jain D, Dietz HC, Oswald GL, Maleszewski JJ, Halushka MK
(2011) Causes and histopathology of ascending aortic disease in
children and young adults. Cardiovasc Pathol 20:15-25

Kim EK, Choi SH, Sung K, Kim WS, Choe YH, Oh JK, Kim D-K
(2014) Aortic diameter predicts acute type A aortic dissection in
patients with Marfan syndrome but not in patients without Marfan
syndrome. J Thorac Cardiovasc Surg 147:1505-1510

Endorsed by the Association for European Paediatric Cardiology
(AEPC), Authors/Task Force Members, Baumgartner H, Bonhoef-
fer P, De Groot NMS, de Haan F, Deanfield JE, Galie N, Gatzoulis
MA, Gohlke-Baerwolf C, Kaemmerer H, Kilner P, Meijboom F,
Mulder BJM, Oechslin E, Oliver JM, Serraf A, Szatmari A, Thau-
low E, Vouhe PR, Walma E, ESC Committee for Practice Guide-
lines (CPG), Vahanian A, Auricchio A, Bax J, Ceconi C, Dean V,
Filippatos G, Funck-Brentano C, Hobbs R, Kearney P, McDonagh
T, Popescu BA, Reiner Z, Sechtem U, Sirnes PA, Tendera M, Var-
das P, Widimsky P, Document Reviewers, McDonagh T, Swan L,
Andreotti F, Beghetti M, Borggrefe M, Bozio A, Brecker S, Budts
W, Hess J, Hirsch R, Jondeau G, Kokkonen J, Kozelj M, Kucuko-
glu S, Laan M, Lionis C, Metreveli I, Moons P, Pieper PG, Pilos-
soff V, Popelova J, Price S, Roos-Hesselink J, Uva MS, Tornos P,
Trindade PT, Ukkonen H, Walker H, Webb GD, Westby J (2010)
ESC guidelines for the management of grown-up congenital heart
disease (new version 2010): the task force on the management of
grown-up congenital heart disease of the European Society of
Cardiology (ESC). Eur Heart J 31:2915-2957

Gonzalez EA, Tavares AMV, Poletto E, Giugliani R, Matte U,
Baldo G (2017) Losartan improves aortic dilatation and cardio-
vascular disease in mucopolysaccharidosis I. J Inherit Metab Dis
40:311-312

Osborn MJ, Webber BR, McElmurry RT, Rudser KD, DeFeo
AP, Muradian M, Petryk A, Hallgrimsson B, Blazar BR, Tolar
J, Braunlin EA (2017) Angiotensin receptor blockade mediated
amelioration of mucopolysaccharidosis type I cardiac and crani-
ofacial pathology. J Inherit Metab Dis 40:281-289

Quezada E, Lapidus J, Shaughnessy R, Chen Z, Silberbach M
(2015) Aortic dimensions in Turner syndrome. Am J Med Genet
A 167A:2527-2532

Alami Laroussi N, Dahdah N, Dallaire F, Thérien J, Fournier A
(2016) Aortic dilatation in patients with Turner’s syndrome with-
out structural cardiac anomaly. Cardiol Young 26:539-546



35

Capitulo 5:

Artigo 2 — Cardiac Disease in Patients with Mucopolysaccharidoses and the

Impact of Enzyme Replacement Therapy

Artigo submetido a revista Journal of Inherited Metabolic Disease.



36

Original Research Article

Cardiovascular Manifestations in Patients with Mucopolysaccharidoses

Poswar et al. Cardiac Manifestations in Mucopolysaccharidoses.

Fabiano de Oliveira Poswar, MD?"; Hallana Souza Santos, MSc?; Angela Barreto Santiago
Santos, MD, PhD**#; Solano Vinicius Berger, MD?; Carolina Fischinger Moura de Souza, MD,

PhD?; Roberto Giugliani, MD, PhD'2®; Guilherme Baldo, PhD*2®,

! Postgraduate Program in Genetics and Molecular Biology, UFRGS, Porto Alegre, Brazil;
2 Medical Genetics Service, HCPA, Porto Alegre, Brazil;
3 Cardiology Service, HCPA, Porto Alegre, Brazil,
4 Postgraduate  Program in  Cardiology, UFRGS, Porto Alegre, Brazil.
° Department of Genetics, UFRGS, Porto Alegre, Brazil;

® Postgraduate Program in Physiology, UFRGS, Porto Alegre, Brazil.

Corresponding author: Fabiano O. Poswar; Medical Genetics Service, Hospital de Clinicas de
Porto Alegre. Rua Ramiro Barcelos, 2350, Porto Alegre, RS 90035-903 Brazil; Email:

fposwar@hcpa.edu.br
Word count: 4247
Journal Subject Terms: Genetics.

Abstract

Background: Cardiovascular involvement is among the main features of the MPS
disorders and it is also a significant cause of morbidity and mortality. The range of
manifestations include cardiac valve disease, conduction abnormalities, left ventricular

hypertrophy and coronary artery disease. Here, we assessed the cardiovascular
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manifestations in a cohort of patients with MPS, as well as the impact of enzyme

replacement therapy (ERT) on those manifestations.

Methods: We performed chart review of 76 patients with different types of MPS that had
performed echocardiograms from January 2000 until October 2018. Standardized Z scores
were obtained for heart chamber sizes according to the body surface area. When available,
echocardiographic measurements that were performed before ERT and at least 18 months

after that date were used for the assessment of pre- and post-treatment measurements.

Results: Left side valvular disease was a frequent finding, with mitral and aortic
thickening being reported in most patients in all four MPS types. Left atrium dilatation was
present in 26% of the patients; 8% had increased left ventricular mass; 28% had pulmonary
hypertension and only one patient had reduced ejection fraction. ERT had a significant
impact in left ventricular hypertrophy parameters, but failed to improve valve

abnormalities, pulmonary hypertension and left atrial dilatation.

Conclusions: Our results confirm the impact of long-term ERT on left ventricular

hypertrophy and its limitations in reversing other prevalent cardiovascular manifestations.

Keywords: Mucopolysaccharidoses; Enzyme replacement therapy; Pulmonary

Hypertension; Left Ventricular Hypertrophy; Left Atrium; Heart Valve Disease.
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Introduction

The mucopolysaccharidoses (MPS) are a group of eleven disorders characterized by an
impaired catabolism of glycosaminoglycans (GAGS) as a consequence of a deficiency of
lysosomal enzymes directly involved in their degradation, resulting in the accumulation of
one or more of five different types of GAGs: heparan sulfate, dermatan sulfate, keratan
sulfate, chondroitin sulfate and hyaluronan . According to the accumulated substrate and
clinical features, the MPS disorders are classified in seven main types (1, II, IlI, IV, VI,
VII, and IX), with MPS 11l and MPS IV being further subclassified in four (I11A, HIB, 111C

and 111D) and two types (IVA and IVB), respectively, according to the enzymatic defect 2.

Cardiovascular involvement is among the main features of the MPS disorders and it is also
a significant cause of morbidity and mortality 3. As GAGs are a significant normal
component of cardiac structures, enzymatic deficiencies related to GAG degradation
results in prominent storage of undegraded GAGs in heart structures, which may cause
tissue damage through the activation of cell proteases 34. This results in many different
manifestations, including cardiac valve disease, conduction abnormalities, hypertrophy of

the left ventricle and coronary artery disease®.

Replacing the deficient enzyme, either through enzyme replacement therapy (ERT) or
Hematopoietic Stem Cell transplantation (HSCT), is the current paradigm of targeting the
primary defect in MPS. HSCT is widely used in severe presentations of MPS | and ERT is
available for the treatment of MPS types I, 11, IVA, VI and VI °. Nevertheless, real-world
experience with those disease-modifying therapies has unveiled several limitations,
especially regarding their ability to reverse or even halt the progression of some

cardiovascular manifestations in MPS patients >
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In this study, we aimed to assess the cardiovascular manifestations in a cohort of patients
with different MPS types, as well as the impact of enzyme replacement therapy on those

manifestations.

Methods

Data collection

Following institutional ethical approval (17-0013; Grupo de Pesquisa e P6s Graduacéo,
Hospital de Clinicas de Porto Alegre, Porto Alegre, Brazil), we performed chart review of
patients with MPS that had performed echocardiograms from January 2000 until October

2018. When available, electrocardiographic data was also recorded.

Body surface area was calculated using the geometric method of Haycock 7. Left
ventricular mass (LVM) was obtained using the formula of Devereaux 8. Standardized Z
scores for left ventricle posterior wall thickness (LVPWT) and interventricular septum
thickness (IVST) were calculated using the methods described by Lopez et al. °, while, for
the left ventricular mass (LVM) and left atrium parasternal long axis anteroposterior
dimension (LAD) an online resource from Boston Children’s Hospital Heart Center was
used %11, Relative wall thickness was obtained using the formula (2 x LVPWT)/(LV
internal diameter at end-diastole) and a cut-off value of 0.41 was used for classification of
the left ventricle geometry, as previously described 2. Left ventricle ejection fraction
(LVEF) was obtained through the method of Teichholz®® and systolic pulmonary artery
pressure was obtained with doppler flow studies. For the analysis of the prevalence of the
cardiac manifestations, the last available echocardiogram was used. When available,

echocardiographic measurements performed before ERT (up to 18 months before ERT was
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started) and at least 18 months after that date (up to 166 months after ERT was started)
were used for the assessment of pre- and post-treatment measurements. Those patients who
received ERT in the peri-transplant period or as a concomitant therapy after transplantation

were not included in that assessment.

For those who also had an available electrocardiogram, the presence or absence of left
atrial enlargement, repolarization disorder and left ventricular hypertrophy according to the
clinical report were recorded. Interval measurements and Z scores for QRS duration 4
were also obtained. Corrected QT (QTc) interval was calculated using the Bazett

formula®®.

Statistical analysis

All data was entered into PASW Statistics 18.0 for Windows (SPSS Inc., Chicago, IL,
USA) and submitted to specific statistical analysis. Graphics and part of the statistic tests
were generated using the GraphPad Prism version 7.0. Normality of the samples was
assessed with Shapiro-Wilk and D’ Agostino & Pearson tests. Nonparametric Kruskal-
Wallis and Dunn's post-hoc tests were used for the comparison of quantitative
measurements among different MPS types. Chi-squared test was used for comparison of
the frequencies of abnormalities among MPS types. For the comparison between baseline
and follow-up parameters after ERT, the parametric paired t-test was used to assess Z-
scores of cardiac structures and the Wilcoxon matched-pairs signed rank test was used to

assess cardiac valves. A p-value of less than 0.05 was considered significant.

Results
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A total of 76 patients (27 MPS I, 22 MPS 11, 19 MPS IVA and 8 MPS VI) were included in
this study. Most of those patients were analyzed in a previous publication, which focused
on the aortic root dimension °. All MPS 1l patients were males. MPS IVA patients had a
lower median height, when compared to MPS Il patients and were less frequently treated

with ERT, when compared to MPS VI patients (table 1).

Valvular disease

Among the 76 patients included in this study, left side valvular disease was a frequent
finding, with mitral and aortic thickening being reported in most patients in all four MPS
types (Figure 1). Furthermore, mitral and aortic insufficiency, mostly mild, were frequently
found in patients with MPS I, Il and V1, but were also observed in a significant proportion
of patients with MPS IVA. To a lesser extent, tricuspid valve thickening and insufficiency
were also present in patients with MPS types I, Il and V1. Involvement of the pulmonary

valve was observed in a few patients with MPS 1 and II.

Other echocardiographic measurements.

Left ventricular hypertrophy parameters, including LVPWT, IVST Z scores and RWT,
were above average in a significant proportion of patients in all subgroups (Figure 3 and
supplementary figure 2). Nevertheless, LVM Z scores were normal in the last available

echocardiogram of most of the patients (supplementary table 1).

When assessed the last available echocardiogram, the median left atrium diameter (LAD)
and the estimated systolic pulmonary artery pressure (SPAP) were increased in all groups
(figure 3D and 3E). A total of 26% and 28% of the patients had LAD or SPAP above

normal reference limits, respectively (supplementary table 1). The median value of SPAP
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was significantly lower in MPS IVA than in MPS | (figure 3D). Left ventricle ejection
fraction was preserved in all, but one patient with MPS IVA, who also had eccentric
hypertrophy, severe aortic insufficiency and moderate aortic stenosis (figures 2A, 2B and

3F).

Effects of the enzyme replacement therapy

For those 19 patients where echocardiographic measurements were available before and
after ERT start, ERT did not lead to significant improvements in valvular disease
(supplementary figure 1). However, significant reduction of left ventricular hypertrophy
parameters (including IVST, LVPWT, LVM and RWT) was observed after ERT was
started (Figure 3G-1 and supplementary figure 2). No statistically significant change in

SPAP, LAD or LVEF were observed after ERT (figure 3J-L).

Electrocardiogram

Electrocardiograms were performed in 66 patients. All patients had a sinus rhythm,
although transient junctional rhythm was observed for one patient with MPS IVA. The
most frequently observed abnormality was the electrocardiographic criteria for left
ventricular hypertrophy (27%) (table 3 and figure 4A). Repolarization anomalies (figure
4A) and left atrium hypertrophy (figure 4B) were present in 6% of the patients. Increased

PR and QTc intervals were also occasionally observed (figure 4C).

Discussion

In this study, we assessed the prevalence of cardiac manifestations in a cohort of patients

with MPS I, Il, IVA and VI; which included mostly patients treated with ERT. In
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agreement to previous reports %1 valve involvement comprised mainly left sided valves
and affected a high proportion of patients. Mitral valve involvement was more common
than aortic valve in the four MPS types. We could not identify any significant worsening or
improvement of valve pathology after ERT. It is widely accepted that ERT has limited
impact in valve abnormalities of patients with MPS 1220-24 nrobably due to poor tissue
penetration and irreversibility of the valvar damage. Nevertheless, it may have a role of
preventing or delaying its appearance when treatment is started very early, as suggested by

studies with sibling pairs and animal models 22,

The finding of normal Z scores for LVM in a significant proportion of the patients in our
cohort may reflect the effects of long-term therapy in this parameter. Accordingly,
significant reductions of IVST, LVPWT and LVVM were observed in the follow-up
measurements, which is in agreement to prior studies and generally acknowledged as a

well-stablished effect of ERT 8°12.21-23

We found a high proportion of patients with left atrial diameter Z scores above normal
limits (26%), but a lower prevalence of left atrial enlargement criteria on
electrocardiogram (6%). This difference may be attributed to a lower sensitivity of the
latter method as an indicator of left atrial enlargement?’. Previous studies have reported
the presence of left atrial dilatation in 6.3% of patients with MPS IVA 28 and 2.3% of
patients with MPS V1 12, Another study reported 10.7% of MPS patients with biatrial
enlargement criteria on electrocardiogram 4. As there is a higher proportion of aortic root
dilatation in patients with MPS ©2°, the use of left atrium to aortic root ratio may
underestimate true prevalence of atrial enlargement *°. The impact of ERT in left atrial

dimension is not stablished.
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Systolic pulmonary artery pressure (SPAP) was increased in 28% of the patients. Other
authors have reported a prevalence of 36% of pulmonary hypertension (PH) in a sample of
28 pediatric patients and emphasized that it was the main cause of death in their cohort 6,
Chronic hypoxemia secondary to obstructive sleep apnea is a known cause of pulmonary
hypertension among MPS patients, but it cannot explain all cases, and a role for the left

heart dysfunction in its pathogenesis is also likely 16312,

When analyzing the whole sample, we could not demonstrate a statistically significant
improvement or worsening of the left ventricle ejection fraction. Nevertheless, ejection
fraction was already preserved in all but one patient with MPS Il. Also, the MPS IVA
patient reported with low LVEF in figure 3F and supplementary table 1 has never received
ERT. In the literature, the impact of ERT in ejection fraction is less clear, with some
studies pointing to stabilization or reduction of the mean value over time 232 and others
showing improvements in those patients who already had reduced LVEF on baseline 34,
Although those inconsistences need further clarification, it is possible that ERT may
improve LVEF in a subset of patients with prior systolic dysfunction, while not being able

to prevent a slow long-term deterioration.

In our study, all subjects had a sinus rhythm and none was on pacemakers. However, it is
likely that the prevalence of cardiac conduction abnormalities may increase strikingly in
older MPS patients *. Furthermore, although most MPS patients will not have a clinically
significant conduction abnormality, resting electrocardiogram and 24h Holter monitoring,
when indicated, should be integral part of the care of MPS patients, considering that the

early recognition may have a high impact in morbidity and mortality .
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This work has some limitations. The measurements were performed by more than one
echocardiographer and the time frame of the study involved a period before the
establishment of new guidelines for echocardiographic measurements in our center, when
newer quantification methods for LA size, ejection fraction and LVM were included in the
routine echocardiogram protocol. Nevertheless, by including data from a wide period of
time, we were able to estimate the prevalence of cardiovascular abnormalities in a large

sample of MPS patients as well as the long-term effectiveness of ERT.

In summary, we identified a high proportion of MPS patients with cardiac abnormalities,
which ranged from isolated mitral or aortic thickening to a more severe clinical picture
including moderate to severe valvular insufficiency or stenosis, left ventricular
hypertrophy, pulmonary hypertension and, rarely, heart failure with reduced ejection
fraction. We also confirmed the impact of long-term ERT on left ventricular hypertrophy
in the mucopolysaccharidoses and its limitations in reversing other cardiovascular

manifestations, such as the valvular involvement.
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Figure 1. Prevalence of heart valve abnormalities in MPS types I, II, IVA and VI,

including both treated and untreated subjects.
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Figure 2. Representative abnormalities identified in the valves of the patients of this study.

Aortic insufficiency (A) and aortic stenosis (B) in a 28-year-old female with MPS IVA,
who also had a reduced ejection fraction (35%). Mitral insufficiency (C) in a 24-year-old

male with MPS VI. Mitral stenosis (D) in a 17-year-old male with MPS 1I.
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Figure 3. Comparison of measurements of echocardiographic parameters among MPS

types (A-F) as well as before and after ERT for single individuals (G-L), including the Z

scores of interventricular septum thickness (A, G), left ventricle posterior wall thickness

(B, H), left ventricle mass (C, 1), left atrium diameter (D, J), systolic pulmonary artery

pressure (E, K) and ejection fraction (F, L). A 10-year-old girl with severe MPS | fell

outside the axis of both IVST (A) and LVPWT, with Z scores values of 9.0 and 9.7,

respectively. Another MPS | patient (a 29-year-old female with Hurler-Scheie phenotype)

fell outside the axis range of SPAP (E), because she had an SPAP of 110 mmHg. Statistical

analysis with Kruskal-Wallis and Dunn's post-hoc test for comparisons among MPS types



(A-F) and with paired t test for before and after analyses (G-L). * p < 0.05. MPS IVA is

different from MPS 1.
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Figure 4. Representative electrocardiographic abnormalities identified in the patients of
this study. A: Electrocardiographic criteria for left ventricular hypertrophy (Cornell index:
40 mm) and repolarization abnormalities in a 28-year-old female with MPS IVA. B: Left
atrium enlargement in a 24-year-old male with MPS 11 (terminal negative deflection within
the P wave in lead V1). C: Increased PR interval (203 ms) and transient prolonged QTc

(464 ms) in a 35-year-old female with MPS | during postoperative care for aortic valve and

mitral valve replacement.
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Tables

Table 1. Characteristics of the subjects

Overall MPS | MPS 11 MPS IVA MPS VI p-value
(n=76) (n=27) (n=22) (n=19) (n=8)

Sex (n) M: 46 M: 12 M: 22 M: 8 M: 4 <0.001*
F: 30 F: 15 F:0 F:11 F: 4

Age (years) 11.3 10.2 11.8 10.1 16.2 0.491
(6.4-19.1) (5.3-25.7) (8.1-23.6) (6.8-15.3) (10.9-19.2)

Weight (kg) 25.6 235 28.0 21.0 22.3 0.103
(19.0-40.0) | (16.1-39.5) (25.5-62.0) (16.3-32.9) | (17.4-32.3)

Height (cm) 111.0 108.0 129.0 99.5 106.5 0.003*
(100.0— (94.0-142.4) | (115.0-151.0) | (89.1-108.8) | (102.1-
135.0) 120.5)

BSA (m?) 0.9 0.9 1.0 0.8 0.8 0.057
(0.7-1.2) (0.7-1.3) (0.9-1.6) (0.7-1.0) (0.7-1.1)

Treated with 47/76 16/27* 15/22 8/19 8/8 0.0298

ERT (n)

Time on ERT | 41.0 52.0 64.0 22,5 73.5 0.317

(months) (18.0-95.0) | (17.3-96.8) (13.0-89.0) (16.5-38.8) | (26.8-105.8)

Continuous variables are reported as median and interquartile range. *4 patients who
received ERT as a concomitant therapy for HSCT are not included in the ERT-treated
group. Statistical analysis with chi-squared and partitioning for categorical variables and
Kruskal-Wallis test with Dunn’s post-hoc test for continuous variables. ¥ MPS 11 is
different from other MPS types; 1. MPS IVA is different from MPS II; 8. MPS IVA is

different from MPS V1.



55

Table 2. Parameters of the last available resting electrocardiogram, including both ERT

treated and untreated subjects.

Overall MPS | MPS 11 MPS 1V MPS VI p-value
(n=66) (n=20) (n=19) (n=19) (n=7)

Heart Rate (bpm) 99 92 93 103 99 0.527
(80-107) | (77-106) | (72-106) (91-108) | (85-107)

PR interval (ms)7 149 148 169 146 166 0.168
(138-168) | (138-156) | (142-178) | (138-151) | (151-181)

QRS interval (ms) 85 82 90 81 82 0.627
(80-97) (80-91) (83-100) (79-94) (78-86)

QRS interval Z scoret | 0.0 0.2 -0.1 -0.1 -1.0 0.208
(-0.6-1.0) | (-0.3-1.0) | (-0.3-0.6) | (-0.8-1.0) | (-1.3--0.7)

Prolonged QRS (Z > 0.789

2.0)t 2/41 (5%) | 0/11 (0%) | 1/12 (8%) | 1/16 (6%) | 0/2 (0%)

QTc interval (ms) 385 387 389 382 367 0.529
(374-394) | (380-394) | (366-399) | (375-393) | (358-376)

QTc > 450 mst 1/41 (2%) | 1/11(9%) | 0/12 (0%) | 0/16 (0%) | 0/2 (0%) 0.424

QRS wave axis (°)T 60 76 48 37 82 0.0272
(29-76) (59-91) (27-74) (15-73) (62-101)

Left atrial enlargement | 4/66 (6%) | 2/20 (10%) | 2/19 (11%) | 0/19 (0%) | 0/8 (0%) 0.387

Repolarization 0.752

disorder 4166 (6%) | 1/20 (5%) | 1/19 (5%) | 2/19 (11%) | 0/8 (0%)

Left ventricular 18/66 0.517

hypertrophy (27%) 4/20 (20%) | 6/19 (32%) | 7/19 (37%) | 1/8 (13%)

Continuous variables are reported as median and interquartile range. + Measurements

performed for the 41 patients with available ECG tracings. Statistical analysis with chi-

squared for categorical variables and Kruskal-Wallis test with Dunn’s post-hoc test for




continuous variables. a. p<0.05, but no statistically significant differences in pairwise

comparisons.
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SUPPLEMENTAL MATERIAL

Supplementary table 1. Prevalence of echocardiographic abnormalities at the last available

echocardiogram, including both ERT treated and untreated subjects.

Overall MPS | MPS |1 MPS IV MPS VI
p-value
(n=76) (n=27) (n=22) (n=19) (n=8)
LVM Z score > 2 6/76 (8%) 2127 (7%) 2/22(9%) | 2/19 (11%) | 0/8 (0%) 0.821
RWT > 0.41 19/76 (25%) | 7/27 (26%) | 7/22 (32%) | 3/19 (16%) | 2/8 (25%) | 0.701
Concentric
16/76 (21%) | 5/27 (19%) | 6/22 (27%) | 3/19 (16%) | 2/8 (25%)
remodeling
Concentric
3/76 (4%) 0/27 (0%) 1/22 (5%) | 2/19 (11%) | 0/8 (0%) 0.697
hypertrophy
Eccentric
3/76 (4%) 2127 (7%) 1/22 (5%) | 0/19 (0%) 0/8 (0%)
hypertrophy
LAD Z score > 2 20/76 (26%) | 7/27 (26%) | 4/22 (18%) | 7/19 (37%) | 2/8 (25%) | 0.605
SPAP >35mmHg * | 11/40 (28%) | 6/14 (43%) | 2/12 (17%) | 1/9 (11%) | 2/5(40%) | 0.265
LVEF <55% 1/76 (1%) 0/27 (0%) | 0/22 (0%) 1/19 (5%) 0/8 (0%) 0.385

LAD: Left atrial diameter. LVEF: Left ventricle ejection fraction. LVM: left ventricle mass.
SPAP: systolic pulmonary artery pressure. * SPAP was measured in 40 of the total 76

available last echocardiograms of the participants. Statistical analysis with chi-squared.
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Supplementary Figure 1. Comparison of valve abnormalities before and after ERT. In the

statistical analysis, with Wilcoxon matched-pairs signed rank test, no significant difference

was identified.
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Supplementary Figure 2. Comparison of measurements of relative wall thickness among

MPS types (A) as well as before and after ERT for single individuals (B). Statistical analysis

with Kruskal-Wallis and Dunn's post-hoc test for comparisons among MPS types (A) and

with paired t test for before and after analyses (B).
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Artigo 3 — Safety and tolerability of losartan for the treatment of
cardiovascular disease in patients with mucopolysaccharidosis type IVA:

a preliminary report from a phase 2 randomized clinical trial
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Summary

The mucopolysaccharidoses (MPS) are multisystem disorders caused by deficiencies of
lysosomal enzymes responsible for the catabolism of glycosaminoglycans (GAGS). The
currently available treatments for MPS were shown to have a limited impact in some
manifestations of the disease, including cardiovascular complications. Losartan has been
shown to improve cardiac manifestations in mice with MPS. Here, we report the safety and
tolerability of losartan in the first four patients with MPS IVA that completed their
participation in a randomized, parallel, double-blind, phase 2 clinical trial. The patients were
treated with either placebo (one patient) or losartan (three patients) for a period of 12 months
and the occurrence of adverse events was recorded. Echocardiograms were obtained at
baseline and at the final visit. A total of 16 adverse events (AEs) were reported, 13 in the
losartan group (4,3 per patient) and 3 in the placebo group (table 2). None of the AEs were
grade 3 or higher. Among the echocardiographic parameters analyzed, we identified
potential improvements in E/A and E/e’ ratios in patients on treatment with losartan. Our
results point to a good safety and tolerability profile of losartan in patients with MPS IVA
and supports the evaluation of a larger number of patients in order to clarify its potential

benefits.

Reqistration_trial database: The trial was registered in the Clinical Trials Database

(registration number NCT03632213)

Keywords: Aortic Root Dilatation; Mucopolysaccharidosis 1VA; Left ventricular

hypertrophy; Losartan.
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Introduction

The mucopolysaccharidoses (MPS) are multisystem disorders caused by deficiencies of
lysosomal enzymes responsible for the catabolism of glycosaminoglycans (GAGs). Enzyme
replacement therapy (ERT) and, sometimes, hematopoietic stem cell transplantation (HSCT)
may be employed in order to restore enzyme activity and avoid the damages caused by the
accumulation of GAGs. In spite of that, both ERT or HSCT were shown to have a limited

impact in some manifestations of the disease, including cardiovascular complications.

Recently, dysregulation of TGF-B pathway has been implicated in the pathophysiology of
aortic and valvular disease of MPS (Ma et al. 2008; Yano et al. 2009; Lyons et al. 2011;
Yano et al. 2013). Furthermore, losartan, which modulates its activation, has been shown to
attenuate cardiovascular manifestations, including aortic root dilatation, in mice with MPS |
(Oshorn et al. 2016; Gonzalez et al. 2017). On the basis of those encouraging results, an
ongoing clinical trial is now evaluating the safety and efficacy of losartan in MPS disorders,
which is focusing on MPS IVA and MPS VI, two types of MPS were aortic root dilatation
are especially prevalent in humans. Here, we aimed to report the safety and tolerability of
losartan in the first four patients with MPS IVA that completed their participation in the

study.

Materials and Methods

This is a preliminary analysis from a randomized, parallel, double-blind, phase 2 clinical
trial with the objective of assessing the safety and efficacy of losartan in patients with MPS
IVA and MPS VI (ClinicalTrials.gov Identifier: NCT03632213). Eligible research

participants have been randomly assigned to receive either losartan 25 mg or placebo.
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The study duration is 12 months and its primary outcome measurement is the frequency of
adverse events among the groups. Secondary outcome measurements are the reduction over
time in the Z score of maximal ARD measured by Valsalva sinus as well as changes of other
echocardiographic parameters including ventricular-vascular coupling (Antonini-Canterin et
al. 2013) , ejection fraction, global longitudinal strain Z scores (Dallaire et al. 2016), E/A

and E/e' ratios and mitral and aortic flows.

Results

A total of ten patients were assessed for eligibility. Three patients declined to participate and
six were randomized, being one with MPS VI and five with MPS IVA. In this early report,
we assess the observations in the first four patients with MPS IVA that completed the study

procedures (figure 1).

All four patients included were females of Latin-American descent and had severe, rapidly
progressive phenotype, including prominent skeletal deformities, early onset growth arrest,
mild corneal opacity and moderate to severe hearing loss. Three patients were on ERT and
one patient was ERT-naive. No patient reported any symptoms related to cardiovascular
disease in the baseline assessment. Table 1 summarizes the clinical characteristics of the

patients included in this analysis.

Safety and tolerability

A total of 16 adverse events (AEs) were reported, 13 in the losartan group (4,3 per patient)

and 3 in the placebo group (table 2). None of the AEs were grade 3 or higher.
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During the study period, the patient on placebo reported an insidious worsening of the gait,
that did not resolve after the end of the study. She already had a medical history of gait
impairment due to cervical spinal cord compression and musculoskeletal deformities,
including genu valgum. She also presented a mild hyperkalemia, which normalized in the
follow-up test and did not require treatment, as well as a transitory eosinophilia. All AEs in
the losartan group resolved during the study duration and their hematological or biochemical

tests did not have clinically significant abnormalities.

Blood pressure remained in normal range during all study visits (figure 2). Nevertheless,
subject 05 reported the occurrence of hypertension during measurement in the infusion
center, where she receives the ERT. Those high blood pressure measurements were observed

for about 2 months.

Treatment was maintained after all adverse events, with the exception of the lumbar pain,
which motivated the patient 03 to interrupt temporarily the study drug. As the event did not
abate after drug interruption and new laboratory tests were normal, she restarted the study

drug and the lumbar pain resolved after a few weeks.

Secondary outcomes

All patients had mitral and/or aortic valve thickening without significant valve insufficiency
or stenosis at the baseline and no significant change was observed in the follow-up period.
Aortic root dilatation Z score remained relatively stable during the study duration (figure
3A). Measurements related to systolic function, including global longitudinal strain (GLS)
and left ventricle ejection fraction (LVEF) fluctuated within normal levels, with a reduction

in values of GLS Z score and LVEF observed for subject 2 (figure 3B and 3D). Ventricular
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vascular index improved in subject 3 and had a mild reduction in all other participants (figure

3C).

As for the diastolic function, we observed an improvement in E/e’ ratio for the patients on
losartan (figures 3E-F), as well as a reduction in E/A ratio for subjects 2 and 3. A comparison
of the diastolic parameters between subject 01 (on placebo) and subject 02 (on losartan and

ERT-naive) is provided in figure 4.

Discussion

This study analyses, for the first time, the safety and tolerability of losartan as a treatment
for cardiovascular manifestations in patients with MPS. In the general population, losartan
iIs a safe and well-tolerated drug, , with the main reported AEs being hypotension,
hyperkalemia, reversible renal impairment and teratogenesis (Ritter et al., 2020). However,
although ARBs have been used in clinical practice for treatment of heart failure in patients
with MPS (Golda et al. 2013), it is still not proposed for treatment of those with
asymptomatic, early-stage disease, a setting where a risk-benefit analysis is even more
necessary. In this study alladverse events were mild or moderate. These preliminary results

suggest that losartan has a favorable safety profile among patients with MPS IVA.

We previously showed that treatment with losartan is able to decrease aortic root diameter
and improve cardiac function in MPS | mice (Gonzalez et al. 2017). As aortic root dilatation
is usually more severe in MPS IVA, when compared to other MPS types (Poswar et al. 2019),
the evaluation of losartan impact seems to be even more promising in this type of MPS.
However, it is known that aortic root dilatation has a slow progression rate in MPS

IVA(Kampmann et al. 2016b; Lin et al. 2018; Poswar et al. 2019) and the study duration of
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12 months was expected to be relatively short for the assessment of significant changes,
since the mean aortic root diameter z score slope is estimated to be less than +0.1 in this
period (Poswar et al. 2019). Thus, we also relied in other echocardiographic changes to

estimate the impact of losartan in the secondary outcomes.

Among the cardiovascular parameters analyzed, we identified potential improvements in
E/A and E/e' ratios in patients on treatment with losartan. The E/A ratio measures the
transmitral flow profile and the relative contributions of the early (E) and the atrial (A)
waves, while E to early diastolic mitral annular tissue velocity (E/e’) estimates the left
ventricle filling pressures (Mitter et al. 2017). Although a reduction or an increase in the E/A
ratio need to interpreted in the appropriate context of other measurements, a reduction of
E/e' suggests an improvement in diastolic function. Subtle abnormalities of diastolic function
have been described in patients with MPS (Braunlin and Wang 2016; Nijmeijer et al. 2019)
and its occurrence may be of clinical relevance since preclinical diastolic dysfunction may
progress to heart failure with preserved ejection fraction (HFpEF), a clinical syndrome that
accounts for more than half of the cases of heart failure (Correa de Sa et al. 2010; Mitter et

al. 2017).

In summary, our results point to a good safety and tolerability profile of losartan in patients
with MPS IVA. It also explores potential benefits in echocardiographic parameters, with
improvements being identified mostly in the diastolic function, an effect that may be

clarified with the evaluation of a larger number of patients.
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Tables

Table 1. Characteristics of the subjects at the enrollment

Placebo Group

Losartan Group
Study 1D 01 02 03 05
Sex Female Female Female Female
Age (years) 11 28 35 17
Weight (kg) 19.4 23.45 21.65 334
Height (cm) 88.4 103.5 97.8 113.6
BSA (m?) 0.71 0.83 0.78 1.05
Treated with ERT Yes No Yes Yes
Age at ERT start (years) 8 N/A 34 13
Sleep apnea No No No Yes
Hypertension No No No No
Heart failure No No No No
ERT, enzyme replacement therapy. N/A, not applicable.




Table 2. Adverse events

80

Placebo Losartan

n 01 03

Total number of AEs 3 13
Number of different AEs 3 11
Hyperkalemia 1* 0
Gait disturbance 1+ 0
Eosinophilia 1* 0

Upper airway infection 0 3**
Headache 0 1t
Tremor 0 17
Somnolence 0 1*
Pneumonia 0 1t
Hypertension 0 1+
Lumbar pain 0 17
Urinary tract infection 0 17
Muscle cramp 0 17
Allergic reaction 0 1t
Diarrhea 0 1*

AE, adverse event. * Events were grade 1 -

moderate). ¥ Events were grade 2 — moderate.

mild. ** Events were grade 1 or 2 (mild or
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Figures
Assessed for
Enroliment elegibility (n = 10)
| Excluded (n = 4)
‘ * Declined to participate (n = 4)
Randomized (n = 6)
stratified by MPS type
Not included in this report (n = 2)
*MPS VI(n=1)
’ ‘) * MPS IVA, on follow-up (n = 1)
Allocation
Allocated to placebo (n = 1) Allocated to losartan (n = 3)
* Received intervention (n = 1) * Received intervention (n = 3)
Follow-up
Lost to follow-up (n = 0) Lost to follow-up (n = 0)
Discontinued intervention (n = 0) Discontinued intervention (n = 0)
I Analysis l
Analysed (n = 1) Analysed (n = 3)

Figure 1. Study flow chart. One patient with MPS VI completed the study procedures but is

not included in this early report. Another patient with MPS IVA is currently on follow-up.
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Figure 2. Systemic arterial pressure measurements at study visits.
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Placebo (subject 01)
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Losartan (subject 02)
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E/e' (average

Baseline

LAVI 28.9 mi/m2 E= 116 cm/s A= 120 cm/s
Septal e'= 5.0 cm/s Lateral e'= 8.0 ¢cm/s
E/e' (average) = 17.8

E=117 cm/s A=98.5 cm/s
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LAVI 28.4 mil/m?2
Septal e'= 4.7 cm/s

E=107 cm/s A=102 cm/s
Lateral e'= 10.0 cm/s
E/e' (average) 14.3

12 months
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Figure 4. Comparison of diastolic function parameters at baseline and after 12 months

between subjects 01 and 02. A decrease of E/A and E/e’ ratios in subject 02 is accompanied

by a reduction in left atrium volume index (LAVI).
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Capitulo 7:

Consideracoes finais
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As manifesta¢Oes cardiovasculares das MPS vém sendo progressivamente melhor
caracterizadas, assim como o impacto e as limitagdes das terapias atualmente disponiveis

para o tratamento ou prevencdo do agravamento.

No primeiro artigo desta tese (capitulo 3), discutimos a alta prevaléncia da DRA, um
achado que embora frequente, nem sempre é reconhecido clinicamente, uma vez que a faixa
de normalidade para essa medida é altamente varidvel de acordo com a idade e outras
caracteristicas do paciente (Campens et al. 2014). Utilizando apenas casos atendidos em um
unico centro de referéncia, esse trabalho envolveu o maior nimero de pacientes até entéo
avaliado especificamente para essa condicdo e confirmou uma alta prevaléncia da DRA em
pacientes com MPS IVA, MPS VI e formas graves de MPS 1. Nesse trabalho, ndo incluimos
nenhum paciente com MPS I, uma vez que a maioria dos pacientes acompanhados no
servigo nao tinha realizado ecocardiograma. Tal fato se deve provavelmente por este tipo de
MPS estar associado a um quadro somético mais brando em relacdo as outras MPS. Mais
recentemente, outros autores ndo encontraram uma diferenca significativa do diametro da

raiz da aorta entre os pacientes com MPS 111 e os controles (Nijmeijer et al. 2019).

Uma questdo relevante a ser discutida a partir desses resultados € o papel do tipo
especifico de GAG acumulado nos diferentes tipos de MPS e a ocorréncia e gravidade da
dilatacdo de raiz da aorta. O acumulo de dermatan sulfato, verificado nas MPS I, 1l e VI, tem
sido relacionado a maior gravidade das alteracGes valvares nesses tipos de MPS, quando
comparados a MPS 11l e a MPS IVA (Leal et al. 2010). Por outro lado, no caso da DRA, é
possivel que o acumulo de condroitin-6-sulfato (C6S), verificado na MPS IVA, também
tenha um papel etioldgico relevante, uma vez que a aorta € um dos principais locais em que
0 C6S é expresso (Shimada et al. 2014).

No segundo artigo (capitulo 4), expandimos ainda mais a amostra de pacientes
avaliados no primeiro estudo e analisamos diversos parametros ecocardiograficos e
eletrocardiogréaficos dos pacientes com MPS. Os dados gerados por este estudo trazem dados
adicionais importantes relacionados ao fenotipo cardiaco das MPS, podendo auxiliar
profissionais de salde e pesquisadores a compreender melhor o espectro de alteracfes
cardiovasculares presentes nos pacientes com MPS 1, 11, IVA e VI Além disso, uma analise
comparativa entre os dados gerados neste estudo e os produzidos em avaliagdes de modelos

animais podera auxiliar na traducéo dos resultados de estudos pré-clinicos durante o desenho
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de novos estudos com seres humanos.Por exemplo, enquanto uma reducdo de fracdo de
ejecdo tem sido reportada em modelos murinos de MPS (Jordan et al. 2005) e o0 uso de certos
medicamentos tem resultado em melhora desse parametro (Gonzalez et al. 2017; Gonzalez
et al. 2018), essa alteracdo foi infrequente em nosso trabalho, o que sugere que a mudanca
na fracdo de ejecéo seja um desfecho pouco informativo para avaliagdo em ensaios clinicos

em pacientes com MPS.

Tanto no primeiro, como no segundo artigo, utilizamos os escores Z ajustados pela
superficie corporal para determinar a normalidade relativa as medidas ecocardiograficas. A
superficie corporal tem como limitacdo a auséncia de reajuste por adiposidade, uma vez que
0 tecido adiposo tem menor atividade metabdlica (Frayn et al. 2003). Entretanto, ainda
assim, consideramos que o escore Z ajustado pela superficie corporal seja a melhor medida
a ser utilizada mesmo em pacientes com MPS, uma vez que ha uma relagdo linear entre
débito cardiaco e superficie corporal. O débito cardiaco parece ser em si uma forca
determinante do tamanho das estruturas cardiovasculares, que sdo otimizadas de modo a
reduzir a demanda energética necessaria para impulsionar o sangue (Gutgesell and Rembold
1990).

Além da superficie corporal, a variabilidade da frequéncia cardiaca também tem
impacto na maior demanda de débito cardiaco. Assim, criancas maiores, que realizam mais
atividades fisicas, devem ter uma maior variacdo da frequéncia cardiaca, resultando em
maior demanda energética e maiores valores mensurados quando comparadas a lactentes
(Sluysmans and Colan 2016). Ao contrario, € esperado que criangas restritas a cadeiras de
rodas (como algumas das criancas com MPS) apresentem menor variabilidade da frequéncia
cardiaca, resultando em estruturas cardiacas relativamente menores. Tais variaveis ndo

foram ainda incorporadas as formulas de escore Z atualmente disponiveis.

Com a disponibilidade da TRE como principal estratégia terapéutica para as MPS,
uma melhor compreenséo de seus efeitos é essencial para 0 acompanhamento dos pacientes
e mesmo para 0 desenvolvimento de novas terapias. No caso das manifestacOes
cardiovasculares, no primeiro e no segundo artigo desta tese, nossos achados confirmam que
a TRE, embora promova uma melhora dos parametros relacionados a hipertrofia ventricular

esquerda, tem um papel limitado para a maior parte das manifestacdes cardiovasculares. Tais
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achados reforcam a necessidade de desenvolvimento de novas terapias que superem essas
limitacdes.

Com financiamento do Hospital de Clinicas de Porto Alegre (FIPE-GPPG) e de uma
fundacdo canadense destinada ao fomento de pesquisas para a MPS VI (Isaac Foundation),
foi planejado um ensaio clinico para avaliar a seguranca e a eficicia da losartana nas MPS
como terapia auxiliar a TRE, cujos resultados preliminares foram discutidos no artigo 3
(capitulo 5). A escolha desse farmaco se baseou principalmente nos resultados promissores
de outra pesquisa vinculada ao PPGBM/UFRGS (Gonzalez et al. 2017).

A execucdo de uma pesquisa clinica envolvendo uma doenca rara, porém, traz
grandes desafios relacionados ao recrutamento dos pacientes. Dentro das possibilidades de
orcamento, tivemos de optar por um estudo em Unico centro e nos deparamos com a baixa
prevaléncia de MPS VI em nosso estado, com apenas quatro pacientes com esse diagnostico
em todo o territorio estadual. Além disso, com a irregularidade de recebimento da TRE em
nosso meio, a exigéncia inicial de que os pacientes estivessem ha pelo menos seis meses
com TRE regular ndo se mostrou vidvel e, mesmo a reduzindo para trés meses esse periodo,
tivemos de adiar a incluséo de alguns pacientes pelo desabastecimento generalizado dos

medicamentos nas secretarias de saude.

Ainda assim, mesmo considerando as limitacdes relativas ao baixo nimero de
pacientes incluidos nesta analise, os resultados parciais discutidos no terceiro artigo desta
tese trazem dados sobre o0 uso da losartana nas MPS, importantes para a continuidade da sua
avaliacdo como estratégia terapéutica. A modulacéo de vias de sinalizacao celulares, através
do uso da losartana ou outras moléculas pequenas, permanece como uma area promissora

para o desenvolvimento de novos tratamentos para as MPS e outras DLs.
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Conclusoes
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A DRA foi detectada em pacientes com diferentes tipos de MPS, sendo mais
prevalente em paciente com MPS IVA e VI. Especialmente em pacientes com MPS IVA
confirmou-se a caracteristica progressiva da dilatacdo. A TRE parece ter pouco efeito sobre

este parametro.

As manifestagdes cardiovasculares nos pacientes com MPS sdo bastante variaveis,
estendendo-se de um acometimento leve com espessamento das valvulas sem repercussao
funcional até um quadro avancado de hipertrofia ventricular esquerda e insuficiéncia
cardiaca com fracdo de ejecdo reduzida. A TRE leva a uma reducdo significativa da
hipertrofia ventricular, mas um efeito marcante sobre outras manifestagGes cardiovasculares

nao foi identificado.

A losartana demonstrou ter um perfil de seguranca favoravel em pacientes com
mucopolissacaridose IVA. Os resultados até 0 momento ndo permitem uma definicdo
concreta sobre seu impacto terapéutico em pacientes com MPS, embora possam sugerir uma

melhora em parametros relacionados a funcéo diastolica.
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Abstract

Lysosomal diseases (LDs), also known as lysosomal storage diseases (LSDs), are a heterogeneous group of condi-
tions caused by defects in lysosomal function. LDs may result from deficiency of lysosomal hydrolases, mem-
brane-associated transporters or other non-enzymatic proteins. Interest in the LD field is growing each year, as more
conditions are, or will soon be treatable. In this article, we review the diagnosis of LDs, from clinical suspicion and
screening tests to the identification of enzyme or protein deficiencies and molecular genetic diagnosis. We also cover
the treatment approaches that are currently available or in development, including hematopoietic stem cell trans-
plantation, enzyme replacement therapy, small molecules, and gene therapy.

Keywords: Lysosomal storage diseases, neonatal screening, hematopoietic stem cell transplantation, enzyme replacement therapy, gene

therapy.
Received: June 15, 2018; Accepted: October 30, 2018.

Introduction

Lysosomes are membrane-bound organelles, which
contain, among other components, hydrolytic enzymes that
operate in an acidic environment (Sabatini and Adesnik,
2014). Lysosomes are capable of digesting all types of
macromolecules and participate in the breakdown of both
extracellular and intracellular components that are targeted
to them through the processes of endocytosis or autophagy,
respectively.

Lysosomal diseases, also known as lysosomal storage
diseases, are a heterogeneous group of diseases caused by
defects in lysosomal function (Valle et al., 2014). Most
LDs result from a deficiency in lysosomal hydrolases (e.g.,
alpha-galactosidase in Fabry disease). Alternatively, LDs
may be caused by deficiencies in lysosomal membrane-

Send correspondence to Filippo Vairo. Center for Individualized
Medicine and Department of Clinical Genomics, Mayo Clinic, Roch-
ester, MN, USA. 200 First Street SW, 55905 Rochester, MN, USA.
E-mail: vairo.filippo@mayo.edu

*These authors contributed equally to this work.

associated transporters (e.g., cystinosin in cystinosis) or
other non-enzymatic proteins (e.g., CLN3 in Batten dis-
ease). According to the WORLDSymposia® official list of
lysosomal diseases, 66 clinical conditions related to 53 dis-
tinct genes are recognized as LDs (WORLDSymposium,
2018).

Although individually very rare, the incidence of LDs
as a group is estimated to be as high as 1 in 4000 in some
countries (Giugliani et al., 2017a). The exact prevalence is
difficult to estimate, considering the clinical heterogeneity
of LDs, which may lead to missed diagnoses. According to
Medical Genetics Service of the Hospital de Clinicas de
Porto Alegre data, the investigation of high-risk subjects
led to 3,512 LD diagnoses in Brazil from 1982 to 2017 (Ta-
ble 1).

Interest in the LD field is growing as more conditions
are now treatable or are expected to be treatable in the near
future by distinct approaches including hematopoietic stem
cell transplantation, enzyme replacement, small molecules,
and gene therapy (Beck, 2018). Research in this field is also
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Neurological manifestations of lysosomal disorders and emerging therapies targeting the
CNS
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Neurological manifestations of lysosomal disorders and
emerging therapies targeting the CNS

Roberto Giugliani, Filippo Vairo, Francyne Kubaski, Fabiano Poswar, Mariluce Riegel, Guilherme Baldo, Jonas Alex Saute

Lysosomal disorders have been an area of interest since intravenous enzyme replacement therapy was successfully
introduced for the treatment of Gaucher’s disease in the early 1990s. This treatment approach has also been developed
for several other lysosomal disorders, including Fabry’s disease, Pompe’s disease, lysosomal acid lipase deficiency,
and five types of mucopolysaccharidosis. Despite the benefits of enzyme replacement therapy, it has limitations—
most importantly, its ineffectiveness in treating the neurological components of lysosomal disorders, as only a small
proportion of recombinant enzymes can cross the blood-brain barrier. Development of strategies to improve drug
delivery to the CNS is now the primary focus in lysosomal disorder research. This Review discusses the neurological
manifestations and emerging therapies for the CNS component of these diseases. The therapies in development
(which are now in phase 1 or phase 2 clinical trials) might be for specific lysosomal disorders (enzyme replacement
therapy via intrathecal or intracerebroventricular routes or with fusion proteins, or gene therapy) or applicable to
more than one lysosomal disorder (haemopoietic stem cell transplantation, pharmacological chaperones, substrate
reduction therapy, or stop codon readthrough). The combination of early diagnosis with effective therapies should
change the outlook for patients with lysosomal disorders with neurological involvement in the next 5-10 years.

Introduction
Lysosomal disorders are mainly caused by mutations
in genes encoding lysosomal hydrolases, which are
responsible for the degradation of macromolecules inside
cells.! Defects in the post-translational processing of
lysosomal enzymes, enzyme trafficking and targeting,
enzyme cofactors, and the function of non-enzymatic
lysosomal transmembrane and soluble proteins also cause
cellular disturbances, leading to lysosomal disorders.”
Classification of lysosomal disorders is generally based
on either the biochemical nature of the storage material or
the underlying disease-causing mechanism.' The former
classification, although dlinically useful, does not take into
account that several different substrates are stored in
many lysosomal disorders, whereas the latter is more
suitable for the study of disease pathogenesis and design

+ Lysosomal disorders are multisystemic and progressive conditions, and many of them
have neurological involvement, which often dominates disease presentation.

« Intravenous enzyme replacement therapy, which is available for several lysosomal
disorders, does not address the neurological component of the disease, as the
recombinant enzymes do not cross the blood-brain barrier effectively.

+ Several novel therapeutic strategies (including intrathecal or intracerebroventricular
delivery of enzymes, fusion proteins that cross the blood-brain barrier, substrate
reduction therapy, pharmacological chaperones, and gene therapy) are being
developed to treat the neurological component of many lysosomal disorders, and
should become available soon.

+ Knowledge about the natural history of the neurological manifestations of lysosomal
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disorders is important to define outcomes for clinical trials, and the identification of
the minimally important differences will be paramount for assessment of long-term
and short-term efficacies of new therapies for the different lysosomal disorders.

The combination of early diagnosis with effective therapies should change the outlook
for patients with lysosomal disorders with neurological involvement in the next

5-10 years.

of new therapies.Table 1 shows an adapted classification
based on both models.*”

Although lysosomal enzymes are products of
housekeeping genes that are expressed ubiquitously, their
substrates have a much less uniform distribution across
cell types. Substrate expression, therefore, has a key role in
the selectivity of tissues affected by storage.! In
sphingolipidoses, for example, the cell can only store a
specific glycosphingolipid if it synthesises it or acquires it
from an external source. For instance, in type 1 Gaucher’s
disease, the lack of glucocerebrosidase activity leads to
storage of glucosylceramide—which is acquired following
phagocytosis of senescent leucocytes—in macrophages.
In lysosomal disorders that affect the CNS, a similar
process, such as apoptotic cell clearance, could lead to
storage in microglial cells, whereas storage in neurons
arises because they synthesise the lipid in question. The
pattern of storage in the CNS is cell-type dependent, as
different neurons have different glycosphingolipid
expression profiles, and pathology is therefore confined to
certain cell populations.

Differences in cellular vulnerability to substrate accu
mulation and to other cellular dysfunctions related to
lysosomal disorders also determine which tissues are
affected.” CNS involvement occurs in two-thirds of lyso
somal disorders, despite a lower concentration of storage
materials in the brain than in other organs.”” Neuronal
vulnerability is probably related to the lack of compensa
tory cellular metabolic pathways and to limited cell
regeneration.” Storage in the CNS might also affect glial
cells, resulting in abnormal formation or maintenance of
myelin, astrocytosis, and activation of microglia, which
can be key mediators of neurodegeneration.

Neurological manifestations

Lysosomal disorders are often multisystem disorders,
although in some neuronopathic subtypes disease

www.thelancet.com/child-adolescent Vol 2 January 2018
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Abstract: The mucopolysaccharidoses (MPSs) include 11 different conditions caused by specic
enzyme deciencies in the degradation pathway of glycosaminoglycans (GAGs). Although most MPS
types present increased levels of GAGs in tissues, including blood and urine, diagnosis is challenging
as specic enzyme assays are needed for the correct diagnosis. Enzyme assays are usually performed
in blood, with some samples (as leukocytes) providing a nal diagnosis, while others (such as dried
blood spots) still being considered as screening methods. The identication of variants in the specic
genes that encode each MPS-related enzyme is helpful for diagnosis conrmation (when needed),
carrier detection, genetic counseling, prenatal diagnosis (preferably in combination with enzyme
assays) and phenotype prediction. Although the usual diagnostic ow in high-risk patients starts with
the measurement of urinary GAGs, it continues with specic enzyme assays and is completed with
mutation identication; there is a growing trend to have genotype-based investigations performed
at the beginning of the investigation. In such cases, conrmation of pathogenicity of the variants
identied should be conrmed by measurement of enzyme activity and /or identication and /or
quantication of GAG species. As there is a growing number of countries performing newborn
screening for MPS diseases, the investigation of a low enzyme activity by the measurement of GAG
species concentration and identication of gene mutations in the same DBS sample is recommended
before the suspicion of MPS is taken to the family. With specic therapies already available for most
MPS patients, and with clinical trials in progress for many conditions, the specic diagnosis of MPS
as early as possible is becoming increasingly necessary. In this review, we describe traditional and the
most up to date diagnostic methods for mucopolysaccharidoses.

Keywords: mucopolysaccharidoses; glycosaminoglycans; enzyme replacement therapy; tandem
mass spectrometry; newborn screening.

1. Introduction

The mucopolysaccharidoses (MPSs) comprises 11 lysosomal diseases in which there is a deciency
in a specic step of the degradation of glycosaminoglycans (GAGs). This deciency leads to storage
of GAGs in tissues and to a range of clinical consequences, which may include CNS impairment,
depending on the specic MPS type [ 1,2]. Each MPS is clinically heterogeneous, with severe and
attenuated cases within each MPS type, a fact that may be related to small variations in the residual
enzyme activity, conditioned by the genetic variation present in the patient [3].

Diagnostics 2020, 10, 172; doi:10.3390/diagnostics10030172 www.mdpi.com/journal/diagnostics
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Abstract: Mucopolysaccharidosis type I (MPS I) is caused by the deciency of o-L-iduronidase,
leading to the storage of dermatan and heparan sulfate. There is a broad phenotypical spectrum with
the presence or absence of neurological impairment. The classical form is known as Hurler syndrome,
the intermediate form as HurlerScheie, and the most attenuated form is known as Scheie syndrome.
Phenotype seems to be largely inuenced by genotype. Patients usually develop several somatic
symptoms such as abdominal hernias, extensive dermal melanocytosis, thoracolumbar kyphosis
odontoid dysplasia, arthropathy, coxa valga and genu valgum, coarse facial features, respiratory and
cardiac impairment. The diagnosis is based on the quantication of «-L-iduronidase coupled with
glycosaminoglycan analysis and gene sequencing. Guidelines for treatment recommend hematopoietic
stem cell transplantation for young Hurler patients (usually at less than 30 months of age). Intravenous
enzyme replacement is approved and is the standard of care for attenuatedHurlerScheie and
Scheieforms (without cognitive impairment) and for the late-diagnosed severeHurlercases.
Intrathecal enzyme replacement therapy is under evaluation, but it seems to be safe and effective. Other
therapeutic approaches such as gene therapy, gene editing, stop codon read through, and therapy with
small molecules are under development. Newborn screening is now allowing the early identication
of MPS I patients, who can then be treated within their rst days of life, potentially leading to a
dramatic change in the diseases progression. Supportive care is very important to improve quality of
life and might include several surgeries throughout the life course.

Keywords: mucopolysaccharidosis type I, Hurler syndrome; HurlerScheie syndrome; Scheie
syndrome; glycosaminoglycans; enzyme replacement therapy; hematopoietic stem cell transplantation
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ABSTRACT

Introduction: The mucopolysaccharidoses are lysosomal diseases characterized by deficient activity of
one of the enzymes that degrades glycosaminoglycans. Treatment options are limited; therefore, new
treatments are under investigation.

Areas covered: We review the medicinal products for the treatment of mucopolysaccharidoses that are
currently being investigated in phase | and phase Il clinical trials.

Expert opinion: The number of alternatives to treat MPS diseases increased dramatically in an attempt
to provide therapy options for orphan MPS diseases and to address the unmet needs of the MPS that
already have a treatment available. Intravenous enzyme replacement therapy (ERT) with fusion proteins,
intrathecal/intracerebroventricular (ICV) ERT and gene therapy are the most promising strategies
addressing the CNS manifestations. Stop-codon read-through, although proposed only for patients
with nonsense mutations, might be useful in all MPS types. Substrate reduction therapy could also play
a role in any MPS type, as anti-inflammatory drugs are also being tested. This new generation of
therapies is now in clinical development and should bring new hope to MPS patients. As cost and
logistics remain major challenges, especially for low- and middle-income countries, the possibility of
having a one-time treatment such as gene therapy is anxiously awaited by affected families and
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healthcare systems.

1. The mucopolysaccharidoses: general aspects

The mucopolysaccharidoses (MPS) are a group of genetic dis-
orders of glycosaminoglycan (GAG; formerly known as muco-
polysaccharide) catabolism. Each MPS is caused by mutations
in genes that encode lysosomal enzymes, which are involved
in the degradation of GAGs. Therefore, these partially
degraded substances accumulate within the lysosome, caus-
ing cell damage that ultimately leads to organ dysfunction
and reduced life expectancy. Patients typically experience the
onset of clinical disease during early childhood, and clinical
features may include hepatosplenomegaly, hearing and vision
impairment, skeletal dysplasia, joint stiffness, airway and car-
diac abnormalities, and mental retardation in the severe forms
of MPS |, MPS I, all subtypes of MPS lll, and MPS VIl (Table 1).

Approved treatments available for MPS are basically
enzyme replacement therapy (ERT, available for MPS |, II, IVA,
and VI) and hematopoietic stem cell transplantation (HSCT),
which is a standard of care for MPS | and may be an option for
MPS II, MPS IVA, and MPS VI, although it still has limited use in
the latter conditions due to the better safety profile of ERT [1].

Both the ERT and the HSCT aim to provide an external
source of enzymes, addressing the primary defect of the
MPS. The rationale of these therapies was predicted by De
Duve in 1964, who described that the lysosome is the destina-
tion for any substance that is phagocytized [2].

In the case of ERT, a recombinant human enzyme is pro-
duced in a genetically modified cell line or organism and
regularly injected in the blood (intravenous route) or the
cerebrospinal fluid (intrathecal, ICV, or intracisternal routes).
Phagocytosis of the enzyme is performed, in most cases, in a
mannose-6-phosphate manner. However, the currently avail-
able enzymes are not able to cross the blood-brain barrier and
cannot address the central nervous system (CNS) manifesta-
tions of the MPS and may also be ineffective for some of the
skeletal and cardiovascular manifestations, particularly when
the treatment is not started early.

In HSCT, the enzyme is produced by the donor cells and
released in the bloodstream to cross-correct other cells.
Furthermore, microglial cells derived from the transplanted
donor cells provide the CNS with a source of the enzyme
and may prevent cognitive deterioration. Nevertheless, HCST
still does not prevent progression of skeletal manifestations in
MPS | or MPS I, and it was not shown to be effective in MPS lI
[3]. In addition, despite appearing to be as effective as ERT for
MPS IVA [4] and MPS VI [5] treatment, it is not routinely used
for these conditions, as the risk-benefit profile of HCST is
thought to be unfavorable for MPS disorders without cogni-
tive impairment [6]. For MPS VII, there is also evidence of the
benefits of HSCT, but this evidence is anecdotal [7].

Based on these findings, new therapies have arisen. Gene
therapy, performed either by a classical approach or by gene
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ABSTRACT

Introduction: The mucopolysaccharidoses (MPS) are lysosomal storage diseases (LSDs) caused by the
deficiency of an enzyme involved in the breakdown of glycosaminoglycans (GAGs), which leads to GAG
storage and results in multisystemic manifestations. In some of the 11 MPS types, patients could have
cognitive involvement and/or secondary neurologic manifestations. Intravenous enzyme replacement
therapy (ERT), already approved for several MPS types, is not able to cross the blood-brain barrier and
does not address the neurologic manifestations present in most MPS types. Intrathecal (IT) or intracer-
ebroventricular (ICV) administration of the enzyme directly into the cerebrospinal fluid (CSF) has been
proposed and experienced in clinical trials and in single cases.

Areas covered: This paper briefly summarizes the development of ERT to treat LSDs, particularly MPS, the
technical aspects related to its CSF administration, the experience obtained so far with the IT and ICV use in
several MPS types and provides an expert opinion on this subject.

Expert opinion: Treatment of neuropathic MPS remains a challenge. The results of ongoing trials may
bring IT and ICV administration of ERT to clinical use in the coming years, making it a therapeutic option
for the treatment of neuronopathic patients in several MPS types.
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1. Introduction (IV) ERT is its inability to cross the blood-brain barrier (BBB) and
address the neurologic manifestations present in most MPS
types [7]. Modified enzymes (fusion proteins) are being tested
to allow the intravenously administered ERT to bypass the BBB
and reach the CNS [8,9], but these protocols are still investiga-
tional. Considering the limitation of the IV administered enzyme
to reach the CNS, the infusion of the enzyme directly in the CSF
by intrathecal (IT) or intracerebroventricular (ICVY) administration
has been proposed and has been experienced in isolated cases
and in clinical trials.

This paper will briefly summarize the development of ERT
to treat LSDs, and MPS, in particular, the technical aspects
related to the administration of ERT directly to the CSF, and
the experience obtained so far with the IT and ICV adminis-
tration of ERT in several MPS types (MPS |, I, llIA, 1lIB, and VI)
and will provide an expert opinion on this subject.

The mucopolysaccharidoses (MPS), a group of lysosomal sto-
rage diseases (LSDs), include 11 enzyme deficiencies, each of
them involved in one step of the degradation of glycosami-
noglycans (GAGs). The deficiency of one of these enzymes
leads to the build-up of storage of one or more GAGs, which
leads to multisystem manifestations [1].

In some of the MPS (types |, Il, lIA, 11B, HIC, D, and VII),
patients may have cognitive involvement. In other types
(types IVA and VI), usually do not have cognitive decline, but
neurologic manifestations could occur secondary to spinal
cord compression [1]. Some patients with MPS IVB can have
cognitive involvement [2]. No cognitive manifestations were
described in the few cases of MPS IX reported so far [3,4].

Despite bone marrow transplantation was proposed a
potential therapy for the MPS, its role has been largely
restricted to the severe form of MPS | (Hurler syndrome) and

should be performed early in life to provide benefits related to
the CNS manifestations [5].

Intravenous enzyme replacement therapy (ERT) was first
approved in 2003 for the treatment of MPS |, followed in 2005
and 2006 for the treatment of MPS VI and MPS II, respectively.
More recently, it was also approved in 2014 for MPS IVA and in
2017 for MPS VII [6]. One of the main limitations of intravenous

2. ERT
2.1. The development of ERT for the MPS

The idea of treating LSDs through supplementation of exo-
genous enzymes was first conceived by de Duve in 1964 [10].
That possibility was raised after the description of the lyso-
somes as the final destination of any substance that enters the
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LONG-TERM RESTORATION OF ALPHA-L-IDURONIDASE ACTIVITY
IN FIBROBLASTS FROM PATIENTS WITH MUCOPOLYSACCHARIDOSIS
TYPE | AFTER NON-VIRAL GENE TRANSFER
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ABSTRACT

Mucopolysaccharidosis type | (MPS 1) is a lysosomal storage disorder caused by
deficiency of alpha-L-iduronidase (IDUA). Limitations such as the need for weekly
injections, high morbidity and mortality, and high cost of current treatments show
that new approaches to treat this disease are required. In this study, we aimed to
correct fibroblasts from a patient with MPS | using non-viral gene therapy. Using a
plasmid encoding the human IDUA cDNA, we achieved stable high IDUA levels in
transfected fibroblasts up to 6 months of treatment. These results serve as proof of
concept that a non-viral approach can correct the enzyme deficiency in cells of patients
with lysosomal storage disorders, which can be used as a research tool for a series
of disease aspects. Future studies should focus on showing if this approach can be
useful in small animals and clinical trials.

Keywords: Mucopolysaccharidosis I; gene therapy; iduronidase

In mucopolysaccharidosis type | (MPS 1), the deficiency in alpha-L-iduronidase
(IDUA) leads to lysosomal accumulation of the glycosaminoglycans (GAGs)
heparan and dermatan sulfates. Abnormal storage of these GAGs results in
progressive cellular and multi-organ dysfunction.

MPS | has multiple clinical presentations. In its most severe form,
also known as Hurler syndrome, the disease, in the first year of age, is
characterized by umbilical hernia, hepatosplenomegaly, skeletal abnormalities
and developmental delay. The signs are progressive and, when untreated,
typically result in death in the first two decades of life. In its mildest form,
also known as Scheie syndrome, the disease has its onset in late childhood
or puberty with slowly progressive skeletal, heart and eye manifestations.
Intermediate forms (i.e., Hurler-Scheie syndrome) also exist?.

Treatment approaches include hematopoietic stem cell transplantation
(HSCT) and enzyme replacement therapy (ERT), both with limited effects.
Despite recent advances, HSCT still presents a significant morbidity and
mortality risk, and finding compatible donors is difficult. HSCT is also unable
to halt the progression of skeletal manifestations even in patients with full
engraftment and, currently, is indicated only to patients with the severe form
of the disease, under the age of 2-2.5 years®. Conversely, ERT does not
correct difficult-to-reach organs, such as the brain and the heart valves, and
also has limited effects on the skeletal system*®. Hence, novel strategies are
needed to treat MPS |.

Gene transfer is a promising option, but safety concerns over the use
of viral vectors are still a major problem, since insertional mutagenesis and
development of immune response to the virus have already been described’.
In the present study, we tested a non-viral gene transfer method aimed to
correct the enzyme deficiency in fibroblasts from patients with MPS |.
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